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Abstract
A handful of nuclear reactions have been identified as vital for our understanding
of explosive stellar phenomena and the nucleosynthesis associated with these scenarios.
The 22Ne(α, γ)26Mg reaction in massive stars is responsible for using the neon fuel re-
quired for the 22Ne(α, n)25Mg, which is a key source of neutrons in these environments.
The 34Cl(p, γ)35Ar reaction affects the final abundance of 34S which could be used as an
identifier of nova origin of presolar grains. The rate of these reactions is predicted to be
dominated by a number of resonant states above the α- and proton-emission thresholds,
respectively. Consequently, by determining the nuclear properties of such resonant states
it is possible to estimate the 22Ne(α, γ)26Mg and 34Cl(p, γ)35Ar reaction rates.
In this thesis work, the 11B(16O, p)26Mg and 9Be(28Si, 2n)35Ar fusion-evaporation re-
actions were used to populate excited states in the 26Mg and 35Ar nuclei, respectively.
The beams of 16O and 28Si were produced by the Argonne Tandem Linear Accelerator
System and prompt electromagnetic radiation was detected using the GAMMASPHERE
detector array, which, in the case of the 35Ar experiment, was used in coincidence with
recoil selection provided by the Argonne Fragment Mass Analyzer. The two γ-ray spec-
troscopy studies performed in this work allowed a determination of the nuclear properties
of astrophysically important γ-decaying states, which, in turn, were used to re-evaluate the
22Ne(α, γ)26Mg and 34Cl(p, γ)35Ar stellar reaction rates.
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Chapter 1
Introduction
The field of nuclear astrophysics links nuclei and the interaction of their constituents
to the macroscopic world of astrophysics and astronomy. Nuclear reactions in stars are
responsible for the creation of the majority of chemical elements. In stellar explosions,
thermonuclear debris is ejected into the interstellar medium, altering its chemical compo-
sition. The interstellar medium, in turn, plays a vital role in providing the building blocks
for new stars. Thus, the development of nuclear astrophysics broadens our understanding
of the origin of elements and the ongoing galactic chemical evolution. The traces of nucle-
osynthesis can be found in isotopic abundances on earth, in the solar system, in meteoritic
remains and in cosmic γ-ray emitters.
Astrophysicists look outward and build on astronomical observations combined with
physical laws observed and studied on earth, seeking to understand the structures of the
universe. Astrophysical theories are constructed to provide a guide to understanding nucle-
osynthesis within various stellar environments. These models must be constantly revised
with new experimental information to account for observational data. The predictions of
theoretical models are often limited by considerable uncertainties in input data.
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Nuclear astrophysics plays a vital role in integrating information provided by nuclear
physics in astrophysical models to further facilitate our understanding of galactic chemi-
cal evolution. Unravelling the concept of elemental nucleosynthesis requires a deep and
very precise understanding of nuclear processes operating in astrophysical environments.
However, laboratory nuclear astrophysics often faces experimental limitations. The cross
sections of reactions involved in stellar scenarios are often low, requiring long time pe-
riods for data collection and techniques for selecting nuclei of interest and suppressed
background.
In this work, the 22Ne(α, γ)26Mg and 34Cl(p, γ)35Ar reactions are studied. The first
reaction is vital for estimating the available fuel for reactions forming heavier nuclei in
massive stars, while the latter reaction would constrain a key identifier of nova origin of
presolar grains. Direct methods of calculating the rate of these reactions are currently
limited or require additional information on the nuclei involved. Therefore, this work
presents an indirect technique of predicting the rates of these reactions, providing nuclear
physics information that can be used to test and constrain theoretical models of stellar
nucleosynthesis.
This chapter provides a general background to nuclear astrophysics, stellar evolution
and the nuclear reactions associated with the life and death of stars.
1.1 Exploring Stellar Nucleosynthesis
In 1920 it was discovered that the mass of a helium atom is slightly less than the
mass of four individual hydrogen atoms. This observation would explain the generation
of energy in the Sun through converting hydrogen to helium [1]. However, this stipulation
could still not explain the fact that the stellar temperatures inferred from observation were
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far lower than the temperature necessary to ignite fusion reactions. In 1928, with the
development of quantum mechanics, Gamow calculated the probability for particles to
penetrate through potential barriers [2]. These ideas were used to explain the method
of energy generation in stars via fusion reactions [3]. These works shaped our initial
understanding of nucleosynthesis in stars and set the foundations of the field of nuclear
astrophysics.
Replication of the conditions, such as temperature and density, required for a star to
produce new nuclei was difficult to achieve in the laboratory. The first nuclear reaction
experiment was performed by Cockroft and Walton [4] who examined the effect of bom-
barding lithium atoms with protons accelerated up to 600 kV. They estimated that for 109
protons, one is absorbed by the lithium to form 8Be, which almost instantaneously breaks
into two α-particles. The conversion of lithium and a proton into two α-particles is one of
a number of astrophysical reactions in what would later be called the pp-chain.
1.2 Astronomical observables
Observational data is a prerequisite for the development of a theory of galactic nucle-
osynthesis. In particular, abundance of nuclear species in the solar system provides the
best abundance data in existence.
1.2.1 Solar System Abundances
The solar system is believed to have formed from the collapse of a gaseous nebula with
a fairly uniform chemical and isotopic abundance distribution. Solar system abundances
are of particular interest for astrophysics as they help us to understand the diversity of
planetary composition, since all planets, including Earth, share a common origin from
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the material of the solar nebula. Additionally, the Sun is a typical main sequence yellow
dwarf star, with T ≈ 6 × 103 K and radius of ≈ 6xtimes108 m. Therefore, studying its
composition allows a comparison to abundances in other stars with similar properties.
One of the main sources of solar system elemental abundances is the observation of
solar spectra. The Sun contains the majority of the mass in the solar system which makes
it representative of the overall composition. Planets contain far less mass and have under-
gone extensive chemical transformation since their formation. Additionally, solar system
abundances can be inferred from analysis of a specific class of meteorites called CI car-
bonaceous chondrites, which are believed to be some of the most primitive objects in the
solar system, retaining most of the elements present at the time of the formation of the
solar system [5, 6].
The first detailed compilation of meteoritic and solar state abundances was published
by Suess and Urey [7]. This work had an enormous impact of the investigation of the
origin of elements. It established that all elements were formed in accordance with their
basic nuclear properties. The observed abundances, shown in Figure 1.1 exhibit regularity
and systematics in the form of abundance peaks and it can therefore be assumed that the
abundances of nuclides or groups of nuclides can be attributed to a specific mechanism of
nucleosynthesis.
The abundance patterns show correlation of abundances with certain numbers of neu-
trons or protons. These numbers, called “magic numbers”, and their effect is well under-
stood in terms of the shell structure of the nucleus, which had been proposed by Go¨ppert-
Mayer and Jensen [8] only a few years prior to Suess and Urey’s work. A magic number
(2, 8, 20, 28, 50, 82, 126) of protons or neutrons in a nucleus signifies proximity to closed
nuclear shells which could indicate a longer lived or stable isotope. This is particularly
notable in the light doubly magic nuclei 4He, 12C, 16O and 40Ca.
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Figure 1.1: Abundances of nuclides in the solar system at the time of its formation. The
abundances have been normalised to the abundance of silicon (Data from [6]).
Another feature of the distribution is the steep decline in abundance for heavier nuclei,
which can be attributed to the Coulomb repulsion that reduces the probability of charged-
particle reactions. Suess and Urey [7] suggested two methods of synthesis of heavier
nuclei. The first method involved neutron capture reactions followed by β decay, forming
neutron-rich nuclei. The second method which would facilitate the formation of proton-
rich matter was not accounted for at the time. However, empirical evidence required a
reaction of this kind.
The above ideas and information on element formation were integrated into a theory
of nucleosynthesis by Burbidge, Burbidge, Fowler and Hoyle [9]. They formulated the
modes of element synthesis and defined two types of neutron capture processes, called the
s- and r- process, depending on whether the neutron capture is slow or rapid compared to
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the produced isotope’s β-decay half-life. The production of a number of proton-rich nuclei
is described as the p process which involves proton capture followed by the emission of
a γ ray (p, γ), or the emission of a neutron following γ-ray absorption (γ, n). This theory
established an integral part of our understanding of how the nuclei in the solar system were
formed.
Unfortunately, solar system abundances do not provide a picture of the abundance
distribution across the universe, although they are similar to those found in many stars.
A comparison between abundances in the solar system and other sites in the universe
show significant compositional differences. It is therefore important to refer to “solar
system abundances” and not “universal abundances”. Studying presolar grains in primitive
meteorites allows a very precise isotopic analysis of interstellar matter that exhibit large
deviations compared to solar system values.
1.2.2 Presolar Grains
The Solar system formed from the collapse of a cloud of interstellar gas and dust. The
elements comprising the dust component had been synthesised in stars. Only lighter el-
ements, such as H, He and Li were formed during the Big Bang Nucleosynthesis. All
elements heavier than C resulted from nuclear processes in stars [10]. Dust formed in
outflows of stars or from material explosively ejected during violent events, such as su-
pernovae, carries information of the nuclear processes occurring in these environments.
Several types of such stellar grains, referred to as presolar grains, have survived within
primitive meteorites and can be studied with modern analytical tools [11]. The isotopic
composition of grains found within meteorites, such as the one shown in Fig. 1.2, is a
snapshot of a particular star at a certain point of its evolution. Isotopic ratios can be used
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Figure 1.2: Scanning electron microscope image of a presolar silicon carbide grain.
as a diagnostic tool to recognise presolar grains, as well as to distinguish the stellar sce-
nario in which they were formed [12].
1.2.3 The Hertzsprung-Russell Diagram
The majority of elements were created in the interiors of stars. Therefore, it is vital
to understand the origin of stars and the conditions they offer for nucleosynthesis. The
total amount of radiation emitted per unit time by a star is called luminosity, and it varies
from star to star. The same holds for its surface temperature. Herzsprung and Russell
[13] studied the relation between these properties. When stars are plotted according to
their temperature and luminosity, instead of scattering randomly, they cluster into several
groups. This correlation, referred to as the Hertzsprung-Russell diagram, is shown in Fig.
1.3 and it has had a profound influence on the theory of stellar evolution.
The vast majority of stars on Fig 1.3 occupy the main sequence, stretching diagonally
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across the diagram. The Sun, for example, is a main sequence star. Another distinct group
of stars are super giants, which are the brightest stars in the Galaxy, but are very rare in the
vicinity of the Solar System. In the region corresponding to smaller luminosity and higher
temperature there is a group of stars referred to as white dwarfs. A well known example
of a white dwarf is Sirius B.
Figure 1.3: The Herzsprung-Russell diagram for a sample of stars in the vicinity of the
solar system.
The ability to categorise stars to one of the groups in the Herzsprung-Russell diagram
is vital for studying the life and death of stars, as well as the conditions for nucleosynthesis
to occur in these environments. Additionally, one of the main goals of the theory of stellar
evolution is to understand why certain stars occupy specific parts of the Hertzsprung-
Russell diagram and how they move across it during their evolution.
8
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1.3 The Evolution of Stars
The evolution of stars is associated with the evolution of nuclei synthesised and con-
verted within them. Therefore, it is important to understand the major stages of the evolu-
tion of stars and the thermonuclear reactions involved.
1.3.1 The Birth of Stars
The formation of a star begins when a cloud of gas containing mostly hydrogen and
helium in the interstellar medium collapses to a high density [14]. Gravitational potential
energy is transformed into thermal energy. Initially, the generated energy is radiated away.
Eventually the gas becomes dense enough and the generated energy is retained in the
cloud, rapidly heating up the material. The high temperature causes hydrogen molecules
to be dissociated into atoms and hydrogen and helium atoms are ionised. At temperatures
of 105 K, the gas cloud is ionised. The electrons have the ability to trap radiation, further
increasing the pressure and temperature. When a temperature of 106 K is reached, nuclear
fusion is possible and the contraction stops. The pre-main sequence star eventually reaches
hydrostatic equilibrium.
The first nuclear reactions occur as the temperature is high enough to fuse primordial
deuterium with hydrogen. Ultimately, the fusion of hydrogen to helium starts to occur
and hydrgen burning in the core becomes the main source of energy. The star has reached
thermal and hydrostatic equilibrium and becomes a main sequence star.
1.3.2 The Main Sequence
The life of a star in the main sequence is characterised by the period of hydrogen
burning in its interior. Hydrogen burning involves the fusion of four 1H nuclei to form
9
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a helium nucleus, accompanied by a release of energy. However, the probability of 4
protons interacting simultaneously is too small in comparison with the stars’ observed
luminosity. Consequently, two principal sequences of reactions were suggested to explain
the conversion of hydrogen to helium in stars [15]. In stars with masses below ∼ 2M,
this process predominantly proceeds via a sequence of reactions known as the pp chains,
whereas more massive stars tend to burn hydrogen through another set of reactions called
the CNO cycle.
1.3.2.1 The pp Chains
The proton-proton (pp) chains are three sequences of reactions and are shown in Fig.
1.4.
p + p → 2H + e+ + υe 
7Be + e- → 7Li + υe 
3He + 3He → 4He + p + p 3He + He → 7Be + γ
p + 2H → 3He + γ
7Li + p → 4He + 4He 8B → 8Be + e+ + υe 
8Be → 4He + 4He
7Be + p → 8B + γ
pp-I
pp-II pp-III
4
Figure 1.4: Schematic representation of possible reactions in the pp process.
The first two reactions are common for all sequences and are responsible for the pro-
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duction of nuclei. In the pp-I chain, two 3He nuclei are fused and form a 4He nucleus and
two protons. On the other hand, if the star contains 4He from the ashes of previous stars
or through the pp-I chain, the 3He nuclei could also be burning though the 3He(4He, γ)7Be
reaction. This reaction opens the paths of the pp-II and pp-III chains. All of the chains
could be operating simultaneously and the contribution to energy production of each one
of them is dependent on the stellar composition, temperature and density.
1.3.2.2 The CNO Cycle
A significant amount of energy is generated during the hydrogen burning state through
the operation of the pp-chains. However, most stars consist of gas that contains heavier
nuclei, particularly C, N and O. These nuclei can also participate in hydrogen burning. The
four sets of reactions through which hydrogen can be converted into helium are shown in
Fig 1.5 and are referred to as the CNO cycles.
The end result of each process is the same as for the pp-chains, which is 4H→ 4He +
2 e+ + 2ν. In each of the CNO cycles, the C, N, O and F nuclei only act as catalysts - their
total abundance is not altered while the hydrogen is consumed. Therefore, a substantial
amount of energy can be generated even if the abundance of heavier nuclei is relatively
low.
1.3.2.3 Other Cycles
The nucleosynthesis in hydrogen burning does not only involve nuclei in the CNO
mass range. In heavier stars which obtain a sufficiently high core temperature and contain
nuclei in the mass region above A = 20, hydrostatic hydrogen burning occurs via heavier
nuclei as well. The most likely reactions to occur in this mass range proceed through the
NeNa and MgAl cycles, shown in Fig 1.6 [16].
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Figure 1.5: Schematic representation of the four CNO cycles in the chart of nuclides.
Each reaction effectively fuses four protons to form one 4He nucleus. Shaded squares
represent stable nuclei.
The nuclei involved are transformed via β-decays, (p, γ), and (p, α) reactions and the
competition between these processes defines the resulting nucleosynthesis paths.
1.3.3 The Fate of Stars
As the hydrogen fuel of a star is used up, the star moves towards the bluest and hottest
point of the main sequence, known as the “turn-off point”. Its subsequent fate is highly
dependent on its initial mass.
1.3.3.1 Initial Mass of 0.4 M . M . 2M
As a star in this mass region leaves the main sequence, it has a predominantly helium
core. Hydrogen fusion continues in a shell near the core but nuclear processes no longer
12
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Figure 1.6: Nuclear reactions in the mass region A ≥ 20 during hydrostatic H burning.
Shaded squares represent stable nuclei.
generate sufficient energy. Therefore, gravitational contraction resumes, increasing the
temperature of the star until nuclear burning is re-ignited. The extra energy output from
the hydrogen burning shell results in dramatic expansion of the surface of the star, making
it a red giant star. During this stage of its evolution, the star experiences significant mass
loss. The contraction of the core increases the central temperature and density until the
core becomes electron degenerate and its convective envelope comprises about 75% of the
star’s mass.
When the temperature of the core reaches ∼ 0.1 GK, helium starts to fuse to carbon
via the triple α-reaction. This is a two-step process [17]. The first step consists of two 4He
particles fusing to form 8Be, which is unstable and it decays back into two α-particles with
a half-life of 6.7 × 10−17 s:
4He +4 He←→8 Be. (1.1)
Over time, a small concentration of 8Be builds up as its formation becomes equal to its
decay rate. In the second step, a third 4He particle interacts with the 8Be nucleus to form
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12C via the reaction [18]
8Be +4 He←→12 C∗ + γ. (1.2)
Once the stable 12C nucleus is formed, further 4He capture reactions follow forming heav-
ier elements. However, as the 16O(α, γ)20Ne reaction is a slow process, the helium is
mainly converted into carbon and oxygen.
During the helium-burning stage, nuclear energy is generated again. In a normal gas,
this energy release would cause an expansion, leading to a drop in temperature and de-
crease in the rate of nuclear energy generation. However, in a degenerate gas the temper-
ature does not affect the pressure and no expansion occurs. This causes the temperature
to increase even further, igniting more helium burning, giving rise to a thermonuclear run-
away. This sequence of events only terminates after so much energy has been released that
the electron degeneracy is lifted resulting in a violent explosion, referred to as “helium
flash”. During the helium flash, the hydrogen-burning shell, which has been supplying
the surface luminosity, cools and generates less energy. The star eventually becomes a
horizontal branch star, quietly burning He in its core.
As the helium fuel in the core is exhausted, the core contracts, heats up and helium
burning is ignited in a shell surrounding a carbon-oxygen core. A second, hydrogen shell
surrounds the hydrogen-burning region. This stage of the star’s evolution is called the
“asymptotic giant branch” (AGB). The hydrogen and helium shells alternate as the major
energy contributor at this stage. However, helium burning adds continuously to the helium
zone until He burning dominates and the energy generated by it is produced faster than the
rate at which it can be carried away by radiative diffusion. Consequently, a thermonuclear
runaway occurs. The sudden release of energy pushes out the hydrogen burning shell
and cools it until it stops burning. Eventually, the expansion quenches the shell flash and
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the star starts to contract again. The H-burning shell reignites and ultimately becomes the
dominant source of nuclear energy again, until another helium flash occurs about 105 years
later. This cycle may repeat many times and this evolutionary stage is called thermally
pulsing asymptotic giant branch (TP-AGB).
At some point, the AGB star suffers a significant mass loss caused by strong stellar
winds. Parts of its mass are returned into the interstellar medium and, with only a fraction
of its initial mass left, the thermal pulses cease as the star becomes a post-asymptotic giant
branch star (P-AGB). Hotter layers are uncovered and therefore the surface temperature of
the star increases, creating a bright nebula as the intense radiation ionises the expanding
ejecta. Once the hydrogen burning extinguishes, the mainly carbon and oxygen core is
left, in which all thermonuclear reactions have ceased. This stage in the stellar evolution
is known as a “white dwarf”. It is followed by a slow cooling process (∼500 Gy) until the
final death of the star as a “black dwarf”.
1.3.3.2 Initial Mass of 2 M . M . 11M
Stars in this mass range can be divided into several subranges. Stars with initial masses
of 2 M . M . 4M evolve faster than less massive stars but otherwise they proceed
through similar stages as a lower-mass star. However, a major difference arises from the
fact that for stars with mass greater than 2 M, the helium core during the red giant phase
does not become electron degenerate. Therefore, a helium flash does not occur and the
helium ignites quiescently in the core.
Stars with an initial masses of M . 4M experience an additional period of mixing.
After the core helium has been exhausted, the star expands and the H burning shell is
extinguished as the stars begins to ascend into the asymptotic giant branch. At this time,
the inner portion of the convective shell penetrates the inactive hydrogen shell and products
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of hydrogen burning are mixed to the surface. Afterwards, the hydrogen shell reignites and
the star evolves as an asymptotic giant branch.
The evolution of stars with an initial mass in the range of 9 M . M . 11 M is
more complicated and less established at present. Models predict a number of significant
differences compared to the evolution of lighter mass stars. Let us consider the example
of a 10 M star as an example [19, 20]. The evolution of such a star is similar to a low
mass star up to the point where a helium burning shells surround a predominantly carbon-
oxygen core. For a star with initial mass of 10 M, however, the core becomes sufficiently
hot for the fusion of carbon nuclei. As carbon burning begins, the star enters the super
asymptotic giant branch (SAGB). Carbon burning starts with a thermonuclear runaway,
or a carbon flash, and the energy generation from carbon fusion increases, reducing the
energy generation from the helium shell. After a relaxation period, the helium burning
shell returns to its previous energy output. A number of these flashes occur and when the
carbon in the core is exhausted, it mainly consists of oxygen and neon. Subsequently, the
hydrogen shell on top of the helium burning shell is reignited and the interplay between
these two burning shells causes thermal pulses driven by helium shell flashes. Eventually,
the hydrogen-rich surface is removed by a strong wind and the star forms a planetary
nebula. The star ends its existence as an oxygen-neon (ONe) white dwarf with a mass of
roughly 1.2 M.
1.3.3.3 Initial mass of M & 11 M
The evolution of stars in this mass range characterised by a relatively shorter lifetime
than lighter stars. The star spends the majority of its lifetime on the main sequence burning
hydrogen to helium. When the hydrogen in the centre is depleted, H burning continues in
a shell. The core contracts and heats up helium until it starts burning and the outer layers
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expand greatly. The star becomes a supergiant. These stars appear in the Herzsprung-
Russell diagram at the highest observed luminosities. Well known examples are Rigel (a
blue supergiant) and Betelgeuse (red supergiant) in the Orion constellation.
When helium in the core is depleted, helium burning continues in a shell beneath the
hydrogen burning region. Eventually, carbon starts burning in the core. However, unlike
stars with initial masses below 11 M, massive stars are capable of igniting successive
burning stages in their cores using the products of previous burning stages as fuel. The
three distinct burning stages that follow carbon are neon, oxygen and silicon burning. At
this point, the heaviest and most stable nuclei are found in the core and the star has an
onion-like structure, as shown in Fig. 1.7.
Figure 1.7: Schematic structure of a massive star.
17
1.3. THE EVOLUTION OF STARS Chapter 1
Elemental synthesis comes to an endpoint as the iron peak is reached because fusion
reactions involving heavier nuclei are not energetically favourable. Synthesis of nuclei
with A ≥ 60 proceeds through a series of neutron capture processes known as the slow, or
s, process [9], mentioned in Section 1.2.1. Neutron captures in the s-process are slower
than the average β-decay rate of unstable nuclei, thus following a path along or adjacent
to the valley of stability all the way up to lead and bismuth [21]. A diagram of the path
of s-process reactions in presented in Fig. 1.8 [22]. There are distinct branching points at
which the path can take different directions depending on the number of neutrons in the
environment and the time it takes for unstable nuclei to decay. Neutron density in these
environments is vital for predicting the site and exact path of neutron capture processes
[23].
The majority of s-process elements between iron and strontium (60 ≤ A ≤ 90) are
produced in massive stars, forming the so called weak s-process [24]. Heavier elements
are believed to be produced in AGB stars in the main component of the s-process [25].
The luminosity of the red giant at this stage is so high that the star losses a significant
portion of its mass. This process is especially pronounced in stars with initial mass M &
30-35 M that lose most of their hydrogen envelope. The observational analogues of such
stars are the hot and massive Wolf-Rayet stars which are known to lose ≈ 10−5 M per
year at stellar winds with speed of ≈ 2000 km/s.
At this point, the electron degenerate core has no other sources of nuclear energy and
it grows in mass while the overlying burning shells contribute their ashes to it. When the
mass of the core exceeds the Chandrasekhar limit (M ≈ 1.4 M), there is not enough elec-
tron degeneracy pressure to counteract gravity, and the core collapses. When the density
of matter in the core reaches the nuclear density (104 g/cm3), the nuclei and free nucleons
present start feeling the short range repulsive strong nuclear force. The nuclear potential
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Figure 1.8: An illustration of the neutron capture processes from iron to the actinides
[26].
starts acting as a stiff spring that stores energy until it rebounds. The rebounding part of
the core encounters infalling matter and gives rise to a outwards moving shock wave. As
the shock wave moves through the outer core region, it loses all of its kinetic energy by
photodisintegrating heavier nuclei and emitting neutrinos. It is not clear how the shock
wave is revived and penetrates out through the iron core causing a core collapse super-
nova explosion. The main difficulty in this task is that the explosion itself is extremely
complex and the nuclear physics processes governing it occur under the surface of the star.
As the revived shell moves outwards, it heats up the shells beyond the iron core, causing
some of the shells to experience explosive nuclear burning. This process only proceeds
on a timescale of a few seconds but the 28Si and 16O shells, which are the first ones to be
reached by the shock wave, are quickly converted to iron peak nuclei at T ≈ 5 GK. As
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the shock wave reaches the outer layers of the stars, the temperatures achieved are much
smaller and therefore these are ejected into the interstellar medium with less nuclear pro-
cessing. Nevertheless, the inner layers of the ejecta are characterised by a high density of
neutrons which are thought to be a potential site for nucleosynthesis beyond A > 60 via
r-process neutron capture [27]. Eventually, most of what is left of the star is its heavy iron
core. The star ends its life as a neutron star or, if it is massive enough, a black hole.
1.4 Explosive Hydrogen Burning
In Section 1.3.2 the pp-chains and CNO cycles are described as the predominant meth-
ods for hydrogen burning at lower stellar temperatures (T < 0.06 GK). However, under
astrophysical conditions where the temperatures are elevated and the reaction timescales
are much shorter, radioactive nuclei that would normally β-decay can be involved in reac-
tions that would not normally be reached in hydrostatic burning. Therefore, in explosive
nuclear burning, the CNO cycles are expanded to the hot CNO cycle [28], as shown in Fig.
1.9.
There are a number of important properties that the hot CNO cycles have in common
with the CNO cycles presented in Section 1.3.2.2. In each of the hot CNO cycles four
hydrogen nuclei are converted to one helium nucleus. The C, N, O and F nuclei here
also act as catalysts and their total number is roughly constant. It is important to men-
tion that the energy generation is strongly dependent on the abundances of the catalysts.
Additionally, above certain temperatures (T ≥ 0.4 GK), catalyst material is lost from the
cycles by various breakout reactions and if enough heavier nuclear fuel is present in the
environment, hydrogen burning reactions also involve nuclei in the A ≥ 20 range. Al-
most no leakage occurs at temperature between 0.1 and 0.4 GK, similarly to hydrostatic
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Figure 1.9: Representation of the three hot CNO cycles in the chart of the nuclides.
Shaded squares represent stable nuclei.
burning. However, the character of the burning drastically changes at higher temperatures
since proton-induced reactions on short-lived nuclei may successfully compete with their
β+ decays. Reactions involved are shown in Fig. 1.10. Due to the extreme environment in
which these reactions are ignited, heavier nuclei are involved than the equivalent reactions
shown in Fig. 1.6 for hydrostatic burning. The most likely nucleosynthesis paths would
depend on the detailed temperature and density history of the explosion.
Explosive hydrogen burning can take place in a number of astrophysical sites, the most
notable of which are cataclysmic stellar binary systems. The nucleosynthesis in the A ≥ 20
mass range will be revisited when considering classical novae in Section 1.5.1.
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Figure 1.10: Nuclear interactions in the mass A ≥ 20 region during explosive hydrogen
burning. Shaded squares represent stable nuclides. The nuclide 26Al can be formed either
in its grounds state or its isomeric state (Ex = 228 keV).
1.5 Binary Systems
It is predicted that a significant number of the stars observed in our Galaxy are mem-
bers of a binary system [29]. When considering a binary system, as shown in Fig 1.11,
an important element is the Roche lobe, representing the smallest equipotential surface
that can exist around the system, resembling a figure eight. The Roche lobes are mapped
out by Lagrange points at which the gravitational potential of one star equals that of the
other so they balance out. The location where the two Roche lobes touch and the effects of
gravity and rotation cancel each other is called inner Lagrangian point. When one of the
stars evolves off the main sequence to become a red giant, it may fill its Roche lobe and
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transfer material onto its companion through its inner Lagrangian point.
Roche lobe
Inner Lagrangian
 point
Figure 1.11: Diagram of a binary star system.
Different kinds of stars may be members of binary systems and the transfer of mass
from one of the stars to the other leads to interesting stellar phenomena [30]. Here, we will
discuss binary systems that contain a compact object, such as a white dwarf or a neutron
star.
1.5.1 Classical Novae
Classical novae are events that occur in close binary systems, comprising of a low-
mass main-sequence star and a white dwarf [31]. The white dwarf star accretes H-rich
material from its companion which overflows its Roche lobe. It is predicted that an accre-
tion disk forms due to matter spiralling into the white dwarf’s surface at a rate of around
10−10−10−9M per year. As a result, matter is compressed gradually up to degenerate con-
ditions. This prevents the white dwarf from cooling through expansion and an extremely
high surface temperature is reached. In such conditions, the addition of hydrogen to the
heavier elements already present in the white dwarf allows for explosive hydrogen burning
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reactions to take place. The thermonuclear runaway takes place below the surface of the
white dwarf and a convective zone is formed.
Both the compressional heating and the energy release from the nuclear burning heat
the accreted material until a sudden lift in the degeneracy leads to an explosive mass ejec-
tion into the interstellar medium, which is expected to recur with periods of ≈ 104 − 105
years. An example of a nova ejecting material into the interstellar medium is presented in
Fig. 1.12, which shows a combined optical, X-ray and radio image of the remnant of Nova
Persei 1901, referred to as GK Persei. This nova remnant has the largest known X-ray
emitting nebula centred on a white dwarf binary. A detailed description of the image is
presented in Ref. [32].
Information about the properties of expanding novae envelopes and their chemical
composition comes from analysis of their spectra (optical, UV and infrared). An important
observational result is that most novae show overabundances compared to solar values of
carbon, nitrogen and oxygen in their ejecta. Some of the classical novae, called ONe
novae due to the predominant content of their core, also show Ne overabundances. The
global content of metals in novae ejecta is larger than solar. This larger metalicity is due to
enrichment of the accretion matter with core matter (CO or ONe). The exact mechanism
driving this mixing is still unclear [33].
The maximum temperatures achieved during novae outbursts are high enough to in-
troduce a remarkable nuclear activity in the envelope. It is therefore likely that the ejecta
will not follow the isotopic abundance pattern of equilibrium CNO burning. Around 2/3
of classical novae outbursts have a CO white dwarf. They are characterised by lower peak
temperatures than those exploding on ONe white dwarfs. CO novae also lack significant
seed from NeNa-MgAl nuclei and therefore the main nuclear activity in CO novae does
not extend much beyond oxygen. In contrast, models of ONe novae show a much larger
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Figure 1.12: Image of the GK Persei nova remnant [32].
nuclear activity, extending all the way to to Si or Ca [34]. This suggest that the presence
of significantly large amounts of intermediate-mass nuclei in the observed spectra, such as
P, S, Cl or Ar may indicate the presence of an underlying massive ONe white dwarf. The
reaction chains involved in such environments are presented in Fig. 1.13.
1.5.2 X-Ray Bursts
Although classical novae are of most importance for this work, for completeness, an
additional case for explosive stellar nucleosynthesis will be presented here, which involves
a similar binary system but with a neutron star as the compact companion star. Similarly to
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Figure 1.13: Main paths of novae nucleosynthesis in Si-Ca mass region. Shaded squares
represent stable nuclides. The nuclide 34Cl can be formed either in its ground state or its
isomeric state (Ex = 146 keV).
the nova scenario, accretion from the main sequence star onto the neutron star companion
occurs that leads to degenerate conditions. However, in this case, much greater density
(ρ ≈ 106−108 g/cm3) and temperatures (T ≈ 0.7−1.5 GK) are achieved before the degen-
eracy is lifted. The mass ejection explosions for such a binary system are characterised by
very strong X-ray activities and they are therefore known as X-ray bursts [35]. After the
termination of a burst, a new shell of matter is accreted and the cycle repeats.
At these high temperatures, alpha capture reactions on 15O and 18Ne nuclei can pro-
ceed. These reactions provide a means of “breakout” from the hot CNO cycles to the
rp (rapid proton) process in which heavier isotopes between the line of stability and the
proton drip line are synthesised in series of rapid proton-capture reactions. This process
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Figure 1.14: An artist’s impression of an X-ray burst [36].
allows synthesis of elements beyond the iron peak and can only occur in the most extreme
astrophysical environments.
It should be noted, however, that only an insignificant amount of the accreted and
processed matter actually escapes the gravitational potential of the neutron star. Thus, X-
ray bursts are not predicted to be among the most important contributors to the chemical
evolution of the Galaxy.
1.6 Nuclear Reactions of Interest
In order to improve our understanding of observed galactic elemental abundances, it
is vital the identify the astrophysical scenarios that they originate from. However, a ma-
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jor problem in stellar modelling comes from the uncertainty in the rates of nuclear re-
actions that are ignited in these environments. In this thesis work, the 22Ne(α, γ)26Mg
and 34Cl(p, γ)35Ar reactions are investigated. They are expected to significantly affect the
overall abundances of isotopes produced in massive stars and classical novae, respectively.
1.6.1 The 22Ne(α, γ)26Mg Reaction
The 22Ne(α, n)25Mg reaction is considered to be the main neutron source for neutron
capture processes in core helium burning and subsequent C shell burning in massive stars
(M ≥ 11M). Variations in neutron density can significantly affect the final abundances of
nuclei observed in the ejecta of core collapse supernovae. The 22Ne(α, γ)26Mg reaction is
also of importance for the neutron production for the weak s-process as it uses up the 22Ne
fuel for the 22Ne(α, n)25Mg reaction but it does not produce any neutrons. Therefore, the
(α, γ) reaction can have a significant impact on the weak s-process. The need for a precise
evaluation of the rate of both reactions has recently been highlighted by Nishimura et al.
[37], where the authors showed the variations of the ratio of the two rates with the current
uncertainties.
Considerable efforts have already been made to constrain uncertainties in the rates of
both reactions [38, 39]. The rate of the 22Ne(α, γ) reaction is thought to be dominated by
a number of resonant states between the α-emission threshold (S α = 10615 keV) and the
neutron separation energy (S n = 11093 keV) in 26Mg. A number of states were populated
by Moss et al. [40] by proton scattering. The majority of these have not been observed
in other experiments and information about their properties, such as spins and parities
and their decay schemes, is not available [41]. Therefore, their contribution to the rate of
the 22Ne(α, γ)26Mg reaction remains unknown. In a recent evaluation of the rate, it was
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Figure 1.15: 22Ne(α, n) to 22Ne(α, γ) ratio in the temperature range of core He and shell C
burning, in which the s process is activated (from [37])
pointed out that if these states contribute to the rate, it could be increased by a factor of 30
[39].
The quest for studying the excited states of astrophysical importance in 26Mg is the
subject of the first experiment described in this work. The results from this work are used
to build on the most recent evaluation of the rate [39].
1.6.2 The 34Cl(p, γ)35Ar Reaction
The analysis of presolar grains has advanced remarkably in recent years [42]. Ion
microprobe analysis of single presolar grains reveals isotopic signatures that allow the
identification of their stellar sources, such as AGB stars and supernovae [43]. A number
of presolar grains exhibit isotopic ratios that could be from nova origin [11, 44]. However,
a specific issue has arisen that relates to whether or not presolar grains can accurately be
classified as being of nova origins, as many of the diagnostic measurements carried out
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are ambiguous with supernovae [12, 44]. This is of crucial importance as presolar grains
provide a snapshot of nucleosynthesis within the specific astrophysical site, allowing a
comprehensive comparison between theoretical models and astronomical observations. As
such, it is vital to obtain detailed knowledge of the nuclear reactions that lead to distinctive
isotopic abundance signatures of novae nucleosynthesis in presolar grains.
Iliadis et al. performed a detailed study investigating the effect of reaction rate un-
certainties on ONe novae nucleosynthesis [45]. They used reaction rates for mass ranges
A = 1− 20 [46] and A = 20− 40 [47]. After varying the rate of 175 reactions participating
in nova nucleosynthesis, the resulting abundance variations in 142 isotopes up to A = 40
were analysed. This helped to identify key reactions of importance for different aspects
of nucleosynthesis. Only a handful of reactions were highlighted to significantly affect
final isotopic abundances in the ejecta of ONe novae, one of which is the 34Cl(p, γ)35Ar
reaction. In particular, varying its rate within its associated uncertainties was shown to
affect the final abundance of 34S produced by up to a factor of 7 [45]. Constraining this
value could play a vital role in aiding the classification of presolar grains, as a 32S/34S ratio
5 times higher than solar would be a key identifier of nova origins [44]. In addition to
affecting 34S abundances, the 34Cl(p, γ)35Ar reaction also governs the destruction of 34mCl
(Ex ≈ 146 keV, t1/2 ≈ 32 min) which is a potential cosmic γ-ray emitter [48].
The rate of the 34Cl(p, γ)35Ar reaction used in the calculations performed in Ref [45]
is based on a statistical model [47]. Additionally, they only include the rate of the reaction
when a proton is captured by 34Cl while in its ground state, although capture on its isomer
is also possible. A recent theoretical study of Grineviciute et al. [49] has indicated that if
capture on the isomer is not considered, this could lead to considerable differences in the
reaction rate.
In ONe novae, the 34g,mCl(p, γ)35Ar reactions are expected to be dominated by resonant
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capture to excited states above the proton emission threshold in 35Ar (5896.3(8) keV [50]).
In particular, states that lie in the Gamow energy window and correspond to low-l proton
captures would have a significant contribution to the reaction rate. However, little experi-
mental data exists on the properties of these resonant states and the rates are thus largely
unknown. Recently, Fry et al. [51] performed the first detailed experimental investigation
of proton-unbound states in 35 Ar using the 36Ar(d, t)35Ar reaction. This study identified
23 excited states in the energy region of interest, 17 of which were observed for the first
time. However, because no spin-parity assignment were made in Ref. [51], the strengths
of these resonances remain unknown, leaving orders of magnitude uncertainty in the rates
of 34g,mCl(p, γ)35Ar in ONe novae.
The second experiment in this thesis work presents a detailed γ-spectroscopy study of
35Ar in order to obtain precise energies and constrain spin-parity assignments of resonant
states relevant for the 34g,mCl(p, γ)35Ar reactions.
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Thermonuclear Reaction Rates
Our understanding of critical aspects of stellar scenarios, such as energy production,
time scales, and the nucleosynthesis of elements is highly dependent on the thermonu-
clear reactions involved. They are responsible for the liberation of kinetic energy in stars,
and slowly change the chemical composition of stars as they evolve. Therefore, in-depth
knowledge of particular thermonuclear reaction rates plays a key role in understanding
stellar nucleosynthesis. This chapter describes the general properties of thermonuclear
reactions and methods for determination of stellar rates.
2.1 Reaction Energetics
The simplest type of reaction is where a projectile particle “a” strikes a target nucleus
“X” producing another final nucleus “Y” and a second particle “b”. This reaction can be
expressed as X(a, b)Y .
By conservation of energy, we can define the energy released in the nuclear reaction as
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a function of the masses of the particles involved, as
Q = (Ma + MX − Mb − MY)c2. (2.1)
This value is referred to as the reaction Q-value. If the Q-value is positive, then the reaction
is said to be exothermic and it produces net energy, whereas if it has a negative Q-value
energy needs to be provided for the reaction to occur and it is defined as endothermic.
The neutron separation energy, S n, is another useful property. It is defined as the energy
that is needed to remove a neutron from a nucleus X to produce a final nucleus Y ,
S n = (MY + Mn − MX)c2, (2.2)
where “X” is the initial nucleus and “Y” is the final nucleus produced by removing a
neutron from “X”. It should be noted that as S n is defined as an energy that is required
to remove a neutron, as opposed to the net energy produced from the process, the particle
separation energy has an opposite sign to the Q-value.
The proton separation energy, S p, can be calculated in a similar manner as
S p = (MY + Mp − MX)c2. (2.3)
The neutron and proton separation energies are of vital importance as they allow us to
understand the conditions under which reactions can occur, as well as defining a threshold
over which the probability of a particle decay from the nucleus significantly increases.
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2.2 Cross Section
Consider an object being thrown at a target. As its area increases, so does the probabil-
ity of hitting it. Similarly, the nucleus could be associated with a geometrical area directly
related to the probability of a projectile interacting with a target nucleus. The nuclear
reaction cross section σ is a measure of this probability. Classically, the cross section is
considered to be equal to the combined geometrical area of the projectile and the target
nuclei, and it can be written as
σ = pi(Rp + Rt)2, (2.4)
where Rp and Rt are the radii of the projectile and the target nucleus, respectively.
Nuclear reactions, however, are governed by the laws of quantum mechanics as well
as geometry. Therefore, reaction cross sections should also reflect the wave aspect of
quantum mechanical processes. Additionally, the Coulomb and centrifugal barriers re-
lated to the charge and angular momentum of the interacting particles could inhibit the
penetration of the projectile into the nucleus (see Section 2.4). This leads to a strong
energy-dependence of the cross section, which could be translated into velocity depen-
dence. Thus, it is more appropriate to denote it as σ = σ(v), where v represents the
relative velocity between the particles involved in the reaction.
2.3 Stellar Reaction Rates
The rate of a reaction is a function of the number of projectile and target particles at
rest per cm3 involved, Na and NX, respectively, and their relative velocity v. The reaction
rate can be obtained as
raX(v) = NaNXvσ(v) (2.5)
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In a stellar plasma the interacting nuclei exhibit a spread of relative velocities that can be
described by a probability function, P(v) where
∫ ∞
0
P(v)dv = 1. (2.6)
Therefore, the rate of the reaction can be calculated (in units of cm3mol−1s−1) as
raX(v) = NaNX
∫ ∞
0
vP(v)σ(v) dv ≡ NA 〈σv〉aX , (2.7)
where NA is the Avogadro constant, and 〈σv〉aX denotes the reaction rate per particle pair.
In stellar plasmas, the kinetic energy available to nuclei is in the form of thermal mo-
tion and therefore, the reactions caused by this motion are referred to as thermonuclear
reactions. The relative velocities of interacting nuclei can be described by the Maxwell-
Boltzmann distribution,
P(v) = 4piv2
(
µ
2pikT
)3/2
exp
(−µv2
2kT
)
, (2.8)
where T refers to the temperature in the stellar environment and µ describes the reduced
mass of the system. The Boltzmann constant is given by k = 8.617×10−5 eV/K. Therefore,
the reaction rate per particle pair can be derived as
〈σv〉 =
∫ ∞
0
vP(E)σ(E) dE =
(
8
piµ(kT )3
)1/2 ∫ ∞
0
σ(E)Eexp
(
− E
kT
)
dE. (2.9)
The cross section, which differs for each reaction, clearly plays a critical role for the de-
termination of the reaction rate.
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2.4 Resonant and Non-Resonant Reactions
Equation 2.9 characterises the reaction rate at a given temperature T . This is useful
because the temperature changes as a star evolves and for different stars and therefore,
the reaction rate 〈σv〉 must be evaluated at each temperature of interest. An analytical
expression for the reaction rate can be obtained by considering the energy dependence
of the cross section σ(E), which in itself reflects the reaction mechanism involved in the
process. Nuclear reaction mechanisms can be divided into resonant and non-resonant
reactions.
2.4.1 Neutron-Induced Non-Resonant Reactions
Neutron-induced nuclear reactions play an important role for studying stellar evolution
and the synthesis of elements heavier than iron. Neutron-induced reactions often involve
only two product nuclei in the exit channel and can therefore be expressed as A(n, x)B,
where x can be, for example, γ, p, or α. Assuming this to be a two-step process with
corresponding Hamiltonians HI and HII , an expression for the cross section can be written
as
σn ' o2n| 〈B + x|HII |C〉 〈C|HI |A + n〉 |2, (2.10)
where on is the deBroglie wavelength of the neutron involved in the reaction. Each matrix
element thus represents the probability for this step of the reaction to occur and it can be
presented by partial widths as
σn(En) ' o2nΓn(En)Γx(Q + En). (2.11)
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The partial width of the entrance channel, Γn(En) is determined solely by the neutron
energy En. The partial width of the exit channel, Γx(Q + En) is a function of the neutron
energy and the Q-value. However, for thermal neutron energies, where Q >> En, Γx is not
very sensitive to energy and therefore, the exit channel partial width can be approximated
as Γx(Q), which is a constant. The remaining energy dependence of σn(En) is found in two
terms. One of them is the de Broglie wavelength squared, which is inversely proportional
to En, and hence to v2n. The other term is the formation width, and it can be described by
the relation Γn(En) ∝ vnPln(En), which will be discussed in more detail in the next section.
The term Pln(En) describes the probability of a neutron with orbital angular momentum,
ln, and energy, En, to penetrate the centrifugal barrier. At thermal energies, neutrons with
ln > 0 do not penetrate the barrier in an appreciable manner. Therefore, such a reaction is
dominated by neutrons with ln = 0, or s-wave neutrons, for which no centrifugal barrier
inhibits the nuclear reaction, P0(En) = 1, and the energy dependence of the entrance
partial width reduces to Γn(Ex) ∝ vn. The energy dependence of the cross section for
s-wave neutrons can thus be described by
σn(En) ∝ 1v2n
vn =
1
vn
. (2.12)
This is an example of a non-resonant reaction as the cross section varies slowly as a func-
tion of energy. Although such reactions will not be discussed in this work, calculating the
rate of neutron induced reactions is vital for nuclear astrophysics as these are involved in
the synthesis of elements beyond the iron peak.
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2.4.2 Charged-Particle Induced Non-Resonant Reactions
Let us now consider nuclear reactions induced by charged particles. In stellar environ-
ments, a high temperature needs to be reached in order for such reactions to occur. This
is due to the fact that nuclei are positively charged and therefore experience the repulsive
Coulomb force of the form
VC(r) =
Z1Z2e2
r
, (2.13)
where Z1 and Z2 represent the charges of the interacting particles and r is the distance
separating them. The Coulomb potential VC(r), combined with the centrifugal potential,
Vc f (r), which incorporates the relative orbital angular momentum of the particles, defines
the potential barrier, V(r), that the charged particles are required to overcome for a reaction
to occur.
V(r) = VC(r) + Vc f (r) =
Z1Z2e2
r
+
l(l + 1)~2
2µr2
. (2.14)
In a classical interpretation, the projectile would need to have energy higher than that
of the effective potential barrier. However, this implies that once this energy is reached,
all particle pairs would react instantaneously, which would lead to catastrophic explosions
rather than burning of nuclear fuel. This problem is resolved when quantum mechanical
effects are considered [2]. For particles with energies lower than that of the potential
barrier (E < EC) there is a small but finite probability to penetrate it. This phenomenon
can be simplified to the so called “Gamow factor” at energies far lower than the Coulomb
barrier (E << EC). The probability for the particle to experience this “tunnelling” effect
can be expressed as
P = exp(−2piη). (2.15)
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Here η is called the “Sommerfeld parameter” and
2piη = 31.99Z1Z2
(
µ
E
)1/2
, (2.16)
when the centre-of-mass energy E is expressed in keV and µ is given in amu. The prob-
ability of overcoming the potential barrier is directly proportional to the reaction cross
section, which drops rapidly for energies lower than the height of the potential barrier.
The Gamow factor probability can be related to the cross section σ(E) as
σ(E) =
1
E
exp(−2piη)S (E). (2.17)
S (E) is called the astrophysical spectroscopic factor, or S-factor, and it contains all the
strictly nuclear effects of the reaction.
If Eqn. 2.17 is combined with Eqn. 2.9, we obtain
〈σv〉 =
(
8
piµ(kT )3
)1/2 ∫ ∞
0
S (E)exp
[
− E
kT
− b
E1/2
]
dE. (2.18)
Here, the factor b arises from the barrier penetrability and it is given by
b = 0.989Z1Z2µ1/2(MeV)1/2 (2.19)
The quantity b2 is also referred to as the Gamow energy, EG. In Eqn. 2.18, the term
e(−b/E
1/2) = e(−(EG/E))
1/2
represents the penetration through the coulomb barrier, which be-
comes very small at low energies. The other exponential term, exp(−E/kT ), represents the
number of particles available at the higher-energy tail of the Maxwell-Boltzmann distri-
bution and it becomes negligent at high energies. Although the Maxwell-Boltzmann dis-
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tribution reaches its maximum at an energy E = kT , the Gamow factor shifts the effective
peak to an energy E0, referred to as the Gamow peak. Figure 2.1 shows the contribution
of both the Maxwell-Boltzman factor and the Gamow factor and their product, called the
Gamow peak. The location of the maximum of this peak can be derived from the first
derivative of the integrand in Eqn.2.18 as
E0 =
(
bkT
2
2/3)
= 0.1220
(
Z20Z
2
1µT
2
9
)1/3
(MeV), (2.20)
and it represents the effective mean energy for thermonuclear fusion reactions occurring
at a temperature T .
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Figure 2.1: Maxwell-Boltzmann factor and Gamow factor (logarithmic scale) as a
function of energy. Their product is referred to as the Gamow peak
The shape of the Gamow peak can be approximated by a Gaussian function and the
width ∆ of the peak can be derived to be
∆ =
4√
3
√
E0kT = 0.2368
(
Z20Z
2
1µT
5
9
)1/6
(MeV). (2.21)
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Thermonuclear reactions occur mainly within an energy window from E0−∆/2 to E0+∆/2,
except when they involve narrow resonances (see Section 2.4.3).
The analytical formalism discussed in this section assumes reactions for which S (E)
varies smoothly with energy. However, for many reactions in stellar interiors there ex-
ist resonances at the effective stellar temperatures, which cause strong variations in the
S -factor. Therefore, a different approach needs to be adopted for determining resonant
reaction rates.
2.4.3 Reactions through Narrow Resonances
Let us assume a direct capture process between a target A and a projectile particle x,
where the entrance channel A + x goes directly to states in the final nucleus B with the
emission of γ-radiation. The transition from the entrance channel A + x to the compound
nucleus B is mediated by the electromagnetic operator Hγ and the cross section for the
γ-ray emission is described by a single matrix element involving Hγ,
σγ ∝ |
〈
B|Hγ|A + x
〉
|2. (2.22)
In contrast to non-resonant reactions, the capture process can also occur when an excited
state Er in the compound nucleus is first formed in the entrance channel, and subsequently
decays to lower-lying states, as
x + A→ B∗ → B + γ. (2.23)
This process, shown in Figure 2.2, can only occur if the energy of the entrance channel
matches the energy Er of the excited state in the compound nucleus. Additionally, only
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states over a threshold energy can be excited. The reaction is referred to as resonant as it
causes large spikes in the reaction cross section.
Figure 2.2: Diagram of formation of resonant states in a a + X → Y∗ → Y + γ reaction.
If the excited state Er decays via γ-ray emission to a lower-lying state E f , the cross
section σγ is described by the product of two matrix elements as
σγ ∝ |
〈
E f |Hγ|Er
〉
|2| 〈Er|Hx|A + x〉 |2, (2.24)
where the matrix element involving the operator Hc characterises the formation of the
compound state Er by the capture of the particle x. The other matrix element describes
the subsequent γ-ray transition from Er to E f . Such a process is referred to as a two-step
process. Each of the two matrix elements corresponds to the probability for the respective
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step of the reaction to occur and it is represented by a partial width. The cross section can
therefore be written as
σγ ∝ ΓxΓγ, (2.25)
where Γx is the particle partial width for the formation of the compound nucleus, and Γγ is
the γ-particle partial width for the decay of the resonant state. Other decay channels might
be possible depending on the properties of the nuclear states involved in the different steps
of the reaction. For instance, in the 22Ne(α, γ)26Mg reaction, states above the neutron
separation energy have a contribution to the reaction rate and therefore the neutron partial
width Γn needs to be accounted for as well as it represents the probability of the nucleus
emitting a neutron instead of a γ ray.
The total width for a nuclear state is defined as the sum of the partial widths of all
energetically allowed channels:
Γ = Γx + Γγ + ... (2.26)
The total width, Γ, is related to the mean lifetime of the excited state τ through the uncer-
tainty principle and thus Γτ = ~. A resonance is defined as “narrow” if the corresponding
partial widths are approximately constant over the total resonance width. An additional
condition for an isolated resonance is that the level density in the compound nucleus is
small enough so that the resonances do not overlap significantly.
The resulting cross section can vary widely depending on the properties of the nuclear
states involved in each step of the reaction. Angular momentum conservation requires
that the sum of the spins of the interacting particles, J1 and J2, and their relative angular
momentum l to be equal to the angular momentum of the state J
J1 + J2 + l = J. (2.27)
43
2.4. RESONANT AND NON-RESONANT REACTIONS Chapter 2
Note that for spinless particles, i.e. when J1 = J2 = 0, Equation 2.27 reduces to l = J.
Additionally, parity conservation [52] requires that the following relation is fulfilled
(−1)lpi(J1)pi(J2) = pi(J), (2.28)
where pi(J1) and pi(J2) are the parities of the reacting particles and pi(J) is the parity of the
resonant state in the final nucleus. In the case of spinless particles with pi(J1) = pi(J2) = +1,
Equation 2.28 reduces to (−1)l = pi(J). Consequently, in these cases, the resonant state
allowed to be formed in the reaction will have natural parity (Jpi = 0+, 1−, 2+, etc).
The cross section of an isolated resonance can be described by the Breit-Wigner for-
mula for a single-level resonance [53]
σBW(E) = pio
(2J + 1)(1 + δ12)
2J1 + 1)(2J2 + 1)
Γ1Γ2
(Er − E)2 + Γ2/4 . (2.29)
The first part of this expression, pio, can be referred to as the essentially geometric cross
section and roughly describes the maximum possible value of the cross section. It depicts
a collision between a projectile and a target nucleus and it can be described by the impact
parameter b and the momentum of the projectile p = ~k = ~/o, where k in this case is the
wave number. In terms of centre-of-mass energy E (expressed in keV), the value of pio is
pio =
656.6
µE
b. (2.30)
The second part of the right-hand side of Eqn. 2.29 is simply a statistical factor reflecting
the fact that in an incident plane wave there are more particles with high values of J. A
term of (1 + δ12) is included as the cross section is increased by a factor of 2 in case of
identical particles in the entrance channel.
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The final part of the expression for σ(E) represents the response function for resonant
phenomena in physical systems. Such systems are characterised by a discrete set of eigen-
values for which the system has maximum response when driven by an external force. An
example is the damped oscillator. Given an eigenfrequency ω0 and a damping factor δ, its
response to an external frequency ω is described by the equation
Response ∝ f
(ω − ω0)2 + (δ/2)2 , (2.31)
where f is the oscillator strength, and it is dependent on the restoring force of the oscillator.
The damping factor δ is caused by a dissipative force which causes the oscillations to die
out once the driving force is not present. The slowing down of an oscillator is described
by an exponential function, exp(−t/t0). An excited state in a nucleus is described, just as
in the case of a damped oscillator, by a mean lifetime t0, which is related to the energy
width Γ by the uncertainty principle (Γt0 = ~). The analogue of the oscillator strength is
the product ΓaΓb, which is determined by the nuclear forces governing the reaction. Thus,
Equation 2.31 can be written in the analogous form for resonant phenomena in nuclear
reactions
σ(E) ∝ ΓaΓb
(E − Er)2 + (Γ/2)2 (2.32)
For a narrow resonance the Maxwell-Boltzmann function does not change significantly
over the resonance region, and therefore its value at Er can be taken outside of the integral
in Equation 2.9, thus giving the stellar reaction rate as:
〈σv〉 =
(
8
piµ(kT )3
)1/2
Erexp
(
− Er
kT
) ∫ ∞
0
σ(E) dE. (2.33)
For a sufficiently narrow resonance, the partial width Γi is approximately constant over the
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width of the resonance and the integral can be calculated analytically to give
〈σv〉 =
(
2pi
µkT
)3/2
~2exp
(
− Er
kT
)
ωγ, (2.34)
where
ω =
(2J + 1)(1 + δ12)
2J1 + 1)(2J2 + 1)
. (2.35)
Additionally, the quantity ωγ is defined as
ωγ = ω
Γ1Γ2
Γ
, (2.36)
Γa and Γγ are the charged particle and photon partial widths, respectively, and Γ is the total
width. The quantity ωγ is referred to as the resonance strength and it is proportional to the
area under the resonance cross section. Thus, for the case of a narrow resonance, the rate
is calculated from its strength, width and resonance energy.
If a reaction has several narrow and isolated resonances, which is often the case, their
individual contributions to the reaction rate are summed. Numerically, the reaction rate at
a temperature T can be expressed in cm3mol−1s1 as
NA 〈σv〉aX = 1.5399 × 10
11
(µT )3/2
∑
(ωγ)e−11.605ER/TdE, (2.37)
where E is the centre-of-mass energy in MeV, the temperature T is in GK, the reduced
mass µ is in amu, and the cross section σ in b (1 b = 10−24 cm2). It is clear from the
above expressions that the reaction rates for narrow resonances are highly dependent on
the strength and energy of the resonance.
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2.5 Experimental Considerations
From Equation 2.37, it can be concluded that in order to accurately determine the
overall contribution of resonant states to the stellar reaction rate, the following properties
must be known precisely:
• the energy of all resonant states that may contribute to the rate,
• their resonance strengths.
In the following subsections, a variety of experimental techniques will be discussed from
which these quantities may be determined.
2.5.1 Direct Measurements of Reaction Rates
Reaction studies where a target is bombarded by a beam of particles can reproduce
reactions of astrophysical interest in the range of effective stellar energies. Such studies
allow direct measurement of the resonance strength through the determination of the yield
per incident particle of the reaction. The yield, Y , is determined via the number of reactions
that occurred, NR, and the number of incident beam particles, NB as
Y =
NR
NB
. (2.38)
The yield is directly related to the reaction cross section. The resonance strengths for
specific bombarding energies are calculated through the relation
ωγ =
2Y
λ
mt
mt + mp
, (2.39)
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where λ represents the de-Broglie wavelength in the centre-of-mass system, mp and mt are
the masses of the projectile and target nuclei, respectively, and  describes the effective
stopping power of the target. The stopping power represents the ability of an absorber, in
this case the target, to absorb energy per given amount of material [54].
One of the main characteristics of reactions involved in stellar nucleosynthesis, how-
ever, is the low centre-of-mass collision energy at which they occur (in the keV to a few
MeV range). Moreover, when the reaction involves charged particles, the presence of the
Coulomb barrier severely reduces the reaction cross sections, which range from hundreds
of pb to fb. Such measurements require high beam currents and targets that can withstand
them. Additionally, reactions often involve unstable proton-rich nuclei which presents a
significant experimental challenge. The domain of explosive burning presents an excep-
tion as cross sections are significantly higher, but such reactions often require radioactive
ion beams of adaptive nature, intensity and energy [55].
In the case when the unstable nucleus has a sufficiently long half-life, the reaction can
be produced by bombarding the radioactive target with an intense beam of particles (see,
for example, Ref. [56]). However, this method presents major challenges. The decay of
the target nuclei (β or γ radiation) produces large background. Additional contamination
arises for chemical impurities in the target and its backing, as well as products of the
radioactive decay of the target nuclei.
In order to tackle these issues and achieve better sensitivity in measuring resonance
strengths, a method has been developed in which the role of the target and projectile are
reversed. This is known as inverse kinematics studies, and they involve the use of light
particle targets, which can be produced with high purities, and heavier radioactive beams.
Such experiments significantly reduce the amount of background contamination, and for
a number of reactions where the manufacture of a radioactive target is not possible, they
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provide the only direct measurement of the relevant resonance strengths.
In recent years, the study of astrophysical reactions in which a number of narrow res-
onances contribute to the reaction rates has required recoil detection equipment to select
reaction products from the beam. An example of such a device is shown schematically in
Fig. 2.3 [57]. The DRAGON (Detector of Recoils and Gammas of Nuclear Reactions)
Figure 2.3: A diagram of the DRAGON recoil separator at TRIUMF (Figure from Ref.
[58]).
separator at the TRIUMF-ISAC facility in Vancouver, Canada was designed to separate
recoils from beam particles for reactions of astrophysical interest. The clean recoil identi-
fication allows for a precise measurement of the energy and strength of a given resonance.
However, it should be noted that, in using this facility, only a single resonance strength
can be measured for any given radioactive beam energy. An example is the study by Ruiz
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et al. [59], in which the strength of the 184 keV resonance in the 26Al(p, γ)27Si was mea-
sured using the DRAGON recoil separator. The 26Al beam was directed onto a windowless
hydrogen gas target and prompt γ rays were detected in an array of BGO scintillator detec-
tors tightly packed around the gas target. The 27Si nuclei were separated from the intense
beam using the recoil separator and detected in the focal plane by a double-sided silicon
strip detector. This allowed for a sensitive resonance strength measurement of the 184 keV
resonance with improved precision over the previous measurement.
However, in order to directly measure resonance strengths using radioactive ion beams,
the energy of the resonance of astrophysical interest must be known in order to determine
the beam energy at the centre of the target. Therefore, it is vital to identify all resonant
states of astrophysical interest before performing a direct measurement experiment. Be-
low a given beam energy the cross section becomes too small to be directly measured
using present techniques. Although it is possible to extrapolate the cross section down
to the particle emission threshold [60], low energy resonances close to the threshold can
significantly affect the reaction rate.
Due to the experimental challenges that direct measurements of astrophysical reaction
rates face, such studies are rare. Therefore the calculation of the rate of reactions that are
dominated by resonant states which have not been measured directly require an indirect
determination of the reaction rate.
2.5.2 Light-Ion Transfer Reaction
Measurement of energies and spin-parities of resonant near-threshold states can also
be achieved via light-ion transfer reactions. In such experiments, excited levels in a given
nucleus are populated using a nuclear reaction other that the one of direct astrophysical
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interest.
In reactions of this type, the energy of the excited states is determined by the momen-
tum of the outgoing particle, and angular distribution measurements of the orbital angular
momentum transfer, ∆l, are used to infer the spins. The yield of the outgoing particles
is measured at different laboratory angles. The measured distribution is then compared
for pure l = 0, 1, 2, 3 and 4 transfers using Distorted-Wave Born-Approximation (DWBA)
[61] calculations. The term C2S in Equation 2.42 is referred to as the “spectroscopic fac-
tor” and it can also be obtained from transfer reaction studies using DWBA estimations
via the expression
dσ
dΩ
(experiment) = NC2S
(
2J + 1
2Jt + 1
)
dσ
dΩ
(DWBA), (2.40)
where N is a normalisation factor, J is the spin of the resonant state, and Jt is the trans-
ferred spin. Although (6Li, d) measurements populate only natural parity states in the final
nucleus, the angular distributions in such measurements are not particularly distinctive and
spin assignments remain ambiguous.
For instance, the astrophysical 22Ne(α, γ)26Mg reaction was studied via a (6Li, d) reac-
tion in Ref. [62]. The experiment was performed with the FN-Tandem accelerator at the
Nuclear Structure Laboratory at University of Notre Dame. A beam of 6Li at bombarding
energy of 32 MeV was used in a gas cell of 99% enriched 22Ne. The reaction products
were analysed with a broad-range magnetic spectrograph and a position sensitive propor-
tional counter system backed by a scintillator. The 22Ne(6Li, d)26Mg spectrum obtained is
shown in Fig. 2.4. The energies of the populated α-unbound natural parity states in 26Mg
are marked.
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Figure 2.4: Typical 22Ne(6Li, d)26Mg spectrum populating α-unbound natural parity
states in 26Mg (Figure from [62]). Observed levels are marked with their excitation
energies. Also indicated are the α and neutron thresholds at 10.614 and 11.093 MeV,
respectively.
The angular distributions obtained in Ref. [62] for some of the transitions observed
are shown in Fig. 2.5. The solid curves represent the calculated angular distributions
which best describe the data. The dashed and dotted lines represent the calculated angular
distributions for different l-transfers which cannot be excluded.
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Figure 2.5: Angular distributions for some of the observed transitions from excited states
in 26Mg from Ref. [62]. The solid curves represent the calculated angular distributions
which best describe the data. The dashed and dotted lines represent the calculated angular
distributions for different l-transfers which cannot be excluded.
In particular, the angular distribution to the second observed neutron bound state at
10.95 MeV favours an l = 3 transfer but l = 2, 4 cannot be excluded. A tentative as-
signment of Jpi = 3− is suggested by Giesen et al [62]. However, Glatz et al. [63] also
observed this state via the 23Na(α, pγ) reaction and the observed γ-decay patterns do not
support the assignment made by Giesen et al [62]. Only Jpi assignments of 5−, 6+ and 7−
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are allowed for this state. Ugalde et al. [64] suggests that the discrepancy between these
results is likely to arise from the fact that the DWBA analysis and Jpi assignment were
performed for a peak consisting of two unresolved states.
An additional problem in light-ion transfer reactions is contamination. An example
can be given with a different study of resonant states in 26Mg via (6Li, d) measurements
by Ugalde et al. [64]. Although precautions were taken to avoid 13C contamination be-
cause deuterons from the 13C(6Li, d)17O reaction would have posed a major source of
background, contamination from the beam reacting with the 12C substrate in the target is
present in the spectrum. This is a particular problem when the peaks of interest in the
spectrum are weak and energy resolution is poor.
Light-ion studies provide essential information regarding the nuclear properties of
states of astrophysical importance. However, they can often suffer from poor energy res-
olution and ambiguous angular distributions. Consequently, in this work we have chosen
to employ γ-ray spectroscopy techniques in order to determine the nuclear properties of
excited states. Resonant states are populated via heavy-ion fusion evaporation reactions
involving stable nuclei. These measurements provide excellent energy resolution and non-
ambiguous spin-parity assignments compared to light-ion transfer reactions.
2.5.3 Gamma-Ray Spectroscopy Measurements for Stellar Reaction
Rates
From the definition of the resonance strength, ωγ, for a radiative capture reaction of
the form X(a, γ)Y ,
ωγ =
(2J + 1)
(2JX + 1)(2Ja + 1)
ΓaΓγ
Γ
, (2.41)
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where Ja is the spin of the particle a that is captured, it can be concluded that the resonance
strength relies strongly on the spin of the resonant state and the relative partial widths Γa
and Γγ. Therefore, it is clear that, if the quantities J, JX, Jp, Γa and Γγ are known, a direct
measurement of the resonance strength is not necessary. In most cases, if J, JX and Jp are
known, only one of the particle widths is required to determine ωγ.
The particle’s partial width can be estimated using the expression
Γa = C2SΓsp, (2.42)
where C is the isospin Clebsch-Gordon coefficient, S is the single particle spectroscopic
factor, and Γsp is the single particle partial width given by
Γsp =
2~2
mR2
PCθ2pc. (2.43)
Here m is the mass of the particle, R = 1.25A1/3 fm and PC is the probability that the
particle will penetrate the potential barrier [65]. A detailed description of the method used
to calculate the penetration factor PC is presented in Reference [10]. The dimensionless
single-particle reduced width, θ2pc, can be calculated by comparing partial widths obtained
by optical model computations and from R-matrix expressions [65]. Alternatively, an
estimate could be made by sampling the mean value of known reduced widths in the mass
region over the Porter-Thomas distribution [66].
Typical values of γ-ray partial widths are of the order of an eV or less and are de-
termined from the lifetimes of the resonant states. However, the resonant states that are
of astrophysical interest lie above the particle emission threshold and therefore predom-
inantly particle decay. Lifetime measurements of unbound states are generally difficult.
55
2.5. EXPERIMENTAL CONSIDERATIONS Chapter 2
Therefore, Γγ partial widths of resonant states are oftencase estimated via a comparison
to the lifetimes of bound states in the mirror nucleus, provided a correction for the energy
difference between isobaric analogue states is taken into account.
The nuclear properties of mirror nuclei are in fact often identical in this mass region.
Generally, neutron-rich nuclei are easier to study through a variety of reactions and thus
can be used to predict many of the nuclear properties of states in the proton-rich mirror nu-
cleus. Such mirror comparisons are particularly important in nuclear astrophysical studies,
as the properties of unknown nuclear properties of astrophysically important states could
be deduced.
2.5.4 Mirror Nuclei
The isospin formalism, as defined by Heisenberg [67], stems from the assumption that
the strong nuclear force is independent of charge. Thus, the neutron and the proton can be
seen by it as identical particles with isospin T = 1/2 and projections Tz(n) = +1/2 and
Tz(p) = −1/2, respectively [68]. This concept implies that the structures of nuclei with the
same mass number, A, and isospin, T, are very similar. Therefore, establishing the nuclear
properties of a nucleus can provide insight into the properties of its isobaric analogue.
Therefore, isospin symmetry is one of the central topics in nuclear physics. Even if the
Coulomb force breaks this symmetry, the isospin can be considered to be a good quantum
number that characterises nuclear states.
An example of an isobaric multiplet is a pair of “mirror” nuclei in which the number of
protons and neutrons is exchanged. This fundamental symmetry is broken by the presence
of electromagnetic interactions and the small difference in mass between up- and down-
quarks but, nevertheless, it has powerful implications on nuclear structure considerations.
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In mirror nuclei, the isospin symmetry in broken by the Coulomb interaction, leading
to one of the members of the multiplet having a lower total binding energy of nuclear
states than the other. This concept leads to the formulation of the Isobaric Multiplet Mass
Equation (IMME),
∆BE(T,Tz) = a + bTz + cT 2z , (2.44)
where the coefficients a, b and c are referred to as the isoscalar, isovector and isotensor
Coulomb energies, respectively. Additionally, it has been shown that the IMME coeffi-
cients could also be used to determine energy differences between the excited states in
isobaric nuclei [69]. The mirror energy difference (MED) is given by
MEDJ,T = E∗J,Tz=−T − E(Z < N)∗J,Tz=T = −∆bJ. (2.45)
Here J represents the total angular momentum of the excited state and ∆bJ is the change
in the isovector Coulomb energy b as a function of spin compared to the ground state.
Additionally, single-particle effects induced by the electromagnetic spin-orbit interaction
have an effect on the MED [70].
Mirror symmetry comparisons have proved to be tremendously useful in predicting
the properties of resonant states in nuclei of astrophysical interest [71, 72]. Shell model
predictions [73] of the level scheme of these nuclei could also be interpreted in order to
predict the spin assignments of newly discovered states in indirect measurements.
2.6 Techniques of γ-Ray Spectroscopy
From the previous section it is clear that γ-ray spectroscopy techniques provide an
alternative to direct measurements and light-ion transfer studies in exploring the structure
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of astrophysically important nuclei. This approach allows structure investigation below the
particle threshold of interest and the detection of γ rays decaying from states just above
the threshold, as shown in Fig. 2.2. The properties of the states of interest can then be
used to indirectly estimate the stellar reaction rate of interest.
Electromagnetic transitions between nuclear states must obey the conservation of en-
ergy, parity and angular momentum. The following section focusses on the main principles
behind γ-ray spectroscopy and how they can be employed in order to obtain structural in-
formation about astrophysically important nuclei.
2.6.1 Energies of γ-Ray Transitions
The energy emitted by a γ-ray is given by
∆E = Eγ +
E2γ
2Mc2
, (2.46)
where the second term represents the energy taken away by the recoil nucleus. The re-
coil energy could be comparable to the statistical errors in measuring γ-ray energies and
therefore, it must be taken into consideration when assigning energies to observed states.
2.6.2 Angular Momentum and Parity Selection Rules in γ Decay
Every photon caries a total angular momentum, also referred to as the multipole order,
given by
L = l + s. (2.47)
Here l represents the orbital angular momentum and s the intrinsic spin of the photons.
To demonstrate conservation of angular momentum, let us consider a γ-ray transition
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carrying total angular momentum L from an initial state with angular momentum Ji and
parity pii to a final state with Jf and pi f . Then the vector relation should be satisfied
Ji = L + J f . (2.48)
Thus, for a given transition, L is limited to non-zero integer values in the range |Ji − Jf | ≤
L ≤ Ji + Jf . The electric or magnetic nature of the emitted radiation can be determined by
the relative parity of the initial and final levels as:
pi(ML) = (−1)L+1 (2.49)
pi(EL) = (−1)L (2.50)
2.6.3 Angular Distributions
Measuring the angular distribution of γ-rays can be used to deduce the multipolarity
of transitions between states in the nucleus. This method requires that the intensity of the
emitted photons is measured at different angles θ with respect to a fixed axis. This axis in
fusion evaporation reactions is taken to be the beam direction. The angular dependence of
the γ-rays emitted can be expressed by the angular distribution function [74],
W(θ) =
2Lmax∑
k=even
akPk(cosθ), (2.51)
where Pk(cosθ) are Legendre polynomials and Lmax describes the largest possible multi-
polarity of the decay. As most states decay by E1, M1 or E2 radiation, usually only terms
with k ≤ 4 are considered. The energy dependent coefficients a2 and a4 are particularly
important as they are an indicator of whether the spin change in the transition is equal to
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±2, ±1 or 0 [75].
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Figure 2.6: Plot of a4 versus a2 coefficients of the angular distribution function W(θ).
When the angular distribution of a given transition is measured experimentally, it is
possible to get Legendre polynomials to the data at different angles. Such fits can produce
the energy dependent coefficients ak of the angular distribution function for a given γ-ray
transition. Figure 2.6 shows the absolute values of the a2 and a4 coefficients where the
difference in spin between the final and initial levels of the transition is ±2, ±1 or 0.
The discussion above shows that γ-ray spectroscopy techniques to study nuclear struc-
ture provide increased energy precision and valuable information about the spin and parity
of astrophysically important states. Such studies provide vital information for stellar reac-
tions that cannot be obtained via reaction studies.
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Experimental Setup
In this work, the 11B(16O, p)26Mg and 9Be(28Si, 2n)35Ar heavy-ion fusion evaporation
reactions were used in order to populate astrophysically important resonant states in 26Mg
and 35Ar, respectively. Both experiments were performed at Argonne National Laboratory,
USA, using the ATLAS facility and the GAMMASPHERE detector array. In the first
experiment, focusing on 26Mg, GAMMASPHERE was used in stand-alone mode and the
analysis was performed based on γ−γ and γ−γ−γ coincidence techniques. In the second
experiment, where the 35Ar nucleus was studied to provide information on the 34Cl(p,
γ)35Ar reaction, the 35Ar production via the 2n evaporation channel was weak relative to
channels evaporating protons. Therefore, the Argonne Fragment Mass Analyzer was used
as a channel selection device.
This chapter provides an overview of fusion-evaporation reactions and the experimen-
tal apparatus used in these nuclear astrophysics studies.
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3.1 Heavy-Ion Fusion Evaporation Reactions
In this thesis work, the nuclei of interest were produced in fusion-evaporation reac-
tions. This techniques proceeds as follows: a heavy-ion beam is directed at a target with
sufficient energy to overcome the Coulomb barrier. The beam and the target may fuse,
forming a compound nucleus in an excited state. Due to the curvature of the line of sta-
bility towards N > Z, fusion of two stable nuclei can produce final nuclei of proton-rich
character.
The compound nucleus initially proceeds to decay via particle emission, as shown in
Figure 3.1. Each step of the emission removes a certain amount of excitation energy from
the compound nucleus, equal to the sum of the particle separation energy and its kinetic
energy. The nucleus then continues to de-excite via the emission of γ rays on a time scale
of femtoseconds. These transitions can be detected with high precision and related to
the recoil nuclei produced to provide structural information on the evaporation channel of
interest.
Figure 3.1: Schematic of stages during and after a fusion evaporation reaction [76]
The main benefit of employing fusion-evaporation reactions to study narrow reso-
nances of astrophysical importance is that γ-ray spectroscopy allows you to study exci-
tation energies to higher precision than (6Li, d) studies, and can provide unambiguous
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spin-parity assignments. Moreover, even weak evaporation channels can be studied as the
nucleus of interest can be unambiguously determined via a combination of γ-γ and γ-γ-
γ coincidence techniques and recoil separation. The states of astrophysical interest are
particle-unbound and are not expected to be fed by transitions from higher-lying excited
states which would probably decay via particle emission. This translates to a cascade of
γ-ray transitions from these states.
The choice of beam energy is vital for populating the states of importance over the
threshold. Therefore, a number of factors need to be considered, such as the desired ex-
citation energy and ground state mass of the residual nucleus, the mass of the target and
beam nuclei, as well as the mass and kinetic energy of the evaporated particles. All of
these are used to optimise the population of resonant states above the particle emission
threshold.
3.2 ATLAS
The 16O and 28Si beams used for the experiments described in this work were pro-
duced by the ATLAS facility at Argonne National Laboratory. ATLAS is a superconduct-
ing heavy-ion accelerator and it can provide stable isotope beams of any element up to
Uranium. Figure 3.2 shows a schematic floor plan of the accelerator facility.
The Positive Ion Injector (PII) is responsible for the initial production of the ion beam
and the ‘injection’ of ions into the main ATLAS linac where they are accelerated and gain
further energy (see Fig 3.2). The PII contains an electron cyclotron resonance (ECR)
plasma ion source, in which a neutral gas is fed into a magnetically confined plasma
chamber. The chamber is heated by microwave radiation with a frequency matched to
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Figure 3.2: A schematic floorplan of the ATLAS facility.
the electron gyromagnetic frequency
ωg =
eB
me
. (3.1)
where B is the strength of the magnetic field in the chamber, me is the mass of the electron,
and e is its charge. As ωg is reached, a resonance zone for the free electrons in the chamber
is created. These energetic electrons are accelerated and successively collide with the
neutral atoms of the gas which ionises them. A Continuous Wave (CW) Radio-Frequency
Quadrupole (RFQ) (Fig. 3.3) has been recently added at the front end of the injector
system to improve the intensity and acceleration efficiency of stable ion beams [77]. After
being steered through the RFQ, the ions are further accelerated to approximately 0.06c by
the 12 MV PII linear accelerator.
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Figure 3.3: The ATLAS Radio-Frequency Quadrupole (RFQ)
Following this initial production and acceleration, ions enter the main part of the accel-
erator system, consisting of a 20 MV ‘booster’ linac and a 20 MV ‘ATLAS’ linac sections.
An essential component of ATLAS is the array of 62 superconducting split-ring resonators
(as shown on Fig. 3.4) are used to create an accelerating field through the linac. The in-
terior superconducting surface of the resonators is pure niobium as it is most suitable for
a radio-frequency device. These components are in direct contact with liquid helium for
cooling to 4.5◦ above absolute zero. The outer housing components are also niobium but
have been bonded to copper. This accelerating structure allows electric charge to flow back
and forward 97 million times a second between doughnut-like drift tubes. A potential dif-
ference of 0.8 MV is generated between the tubes and is used to accelerate the charged
ions. By adjusting the relative RF phases of the resonators, their velocities can be tuned
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Figure 3.4: Superconducting split-ring resonator such as the ones used in the ATLAS
system.
from < 0.1c to 0.15c, allowing for a broad range of beam species to be accelerated.
By using superconductive solenoids between the resonators, the beam can be focused
and steered towards Argonne’s experimental area IV where the target chamber for the
experiments described in this thesis is located.
3.3 Target Production
The 11B and 9Be targets used for this work were made in the Argonne Physics Divi-
sion Accelerator Target Laboratory through electron beam bombardment. This method
involved placing enriched material in powder form in a vacuum sealed crucible and sub-
jecting it to electron bombardment. A thin film of evaporated material is deposited on a
glass slide and later transferred to a target frame.
The choice of target configurations depends highly on the suitability of the material
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Figure 3.5: 9Be target mounted onto the target ladder inside the reaction chamber.
and it aims to optimise the production of desired isotopes in heavy-ion fusion-evaporation
reactions. A delicate balance needs to be found between maximising cross sections for the
nucleus of interest and minimising the contaminant nuclei. Possible impurities in the target
combined with certain beam energies can result in reaction products that cannot be easily
separated from the nuclei of interest. An example of such a contaminant and methods for
identification will be discussed in Section 4.1.
Choosing an appropriate target thickness is also essential. The yield of reaction prod-
ucts needs to be optimised without causing significant energy straggling. The 11B target
for the first experiment was initially 100 µg/cm2, but during the experiment an additional
100 µg/cm2 of 11B was added to it. The 9Be targets for the second experiment were 100
µg/cm2 which provided optimum production of 35Ar but due to the fragility of the mate-
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rial, several targets were damaged by the intense 28Si beam. It is therefore clear that the
durability of the target material when subjected to the required beam intensity needs to be
considered. In the experiment a careful balance was established so that the beam intensity
is well-suited to produce enough of the nucleus of interest while retaining sufficient target
material for the length of the experiment.
The target is placed inside a spherical aluminium target chamber as shown in Figure
3.5. The chamber is vacuum sealed and placed at the centre of the GAMMASPHERE
detector array.
3.4 GAMMASPHERE
GAMMASPHERE is a state-of-the-art detection system for prompt γ rays emitted
from reaction products [78] (Fig. 3.6). Its 4pi coverage allows for angular distribution
measurements while High-Purity Germanium (HPGe) detectors provide excellent energy
resolution and high efficiency. Thus the GAMMASPHERE array provides an ideal envi-
ronment for γ-ray spectroscopy investigations of nuclei produced in fusion evaporation re-
actions. The array configuration has an icosahedron symmetry, consisting of 110 hexagon
elements and 12 pentagon elements. Each of the 110 modules can house an n-type HPGe
detector, as shown on Figure 3.7, surrounded by a Bismuth Germanate (BGO) shield and a
liquid Nitrogen cryogenic system, which minimises thermally induced background. Each
module has a solid angle of 0.53 sr and an opening angle of 7.4◦. The 110 detector mod-
ules are arranged in 17 different rings of constant angle θ with respect to the beam line.
This arrangement allows measurement of the energy and angular distribution of γ radia-
tion with respect to the beam axis following the reactions that occur in the target chamber.
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Figure 3.6: Opened GAMMASPHERE and the target chamber.
The choice of HPGe detectors is based on the reduced mean free path of photons in
materials with higher Z number which makes the Ge detectors suitable for detection of
high energy photons. This is particularly important for the experiments described in this
work, as the γ-ray transitions of astrophysical importance are highly energetic, and thus
a detection system with an optimum resolution and efficiency was required. The Doppler
broadening caused by the motion of the recoiling nucleus also affects the energy resolution
of γ rays detected in GAMMASPHERE. This effect is mostly dependent on the opening
angle, θ, of the Ge detector and therefore, in order to improve the granularity of around 70
of the Ge detectors, they have been electronically segmented in two. This is achieved by
lower resolution signals which can be read separately from each half, indicating the side
of the crystal that was hit first, while the high-resolution total-energy signal is still read
from a common electrode.
The relative efficiencies for each Ge crystal in GAMMASPHERE are quoted as ∼78%
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Figure 3.7: Schematic diagram of GAMMASPHERE detector modules[76].
[79]. This translates to a total photopeak efficiency of 9.4% for 1.3 MeV γ rays for the full
array of 110 detectors. The energy resolution of the array is listed as <2.4 keV for a 1.3
MeV γ ray.
The events detected in GAMMASPHERE need to be assigned to the evaporation chan-
nel which produced the nucleus of interest. In some cases, such as for the 26Mg experi-
ment, this can be achieved by γ-ray coincidence techniques with the GAMMASPHERE
detector array in stand-alone mode. However, especially when the evaporation channel of
interest is weaker, additional equipment is required to select the particular reaction chan-
nel.
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3.5 Recoil Selection
Identifying events corresponding to strong evaporation channels, such as the 1 pro-
ton channel used to produce 26Mg in the first experiment described in this work, can be
achieved via γ-ray coincidence techniques with the GAMMASPHERE array in stand-
alone mode. However, in the case where the nucleus of interest is produced via a weakly
populated evaporation channel, it is necessary to employ additional equipment to select
the reaction channel of interest - the Argonne Fragment Mass Analyzer, a multiwire pro-
portional counter and an ionisation chamber.
3.5.1 Fragment Mass Analyzer
Argonne’s Fragment Mass Analyzer (FMA) is a recoil mass separator designed to
separate primary beam ions from reaction products and to provide mass selectivity by
dispersing reaction products by their mass-to-charge ratio, (A/q).
The FMA is positioned directly behind GAMMASPHERE at 0◦ with respect to the beam
axis in order to match the peak reaction product yield and maximise transmission through
the separator. A schematic of the apparatus is shown in Figure 3.8. It consists of two
electric dipoles, a magnetic dipole and two magnetic quadrupole doublets and the whole
configuration is 8.2 meters long. The principle behind the FMA is based on the Lorentz
force a charged particle experiences due to electric (E) and magnetic (M) fields,
F = q(E + v × B), (3.2)
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where q is the charge of the particle and v is its velocity. Therefore, the acceleration of a
particle with mass m is given as
a =
q
m
(E + v × B). (3.3)
By defining the energy of the particles entering the FMA and adjusting the relative field
strengths of the electric and magnetic dipoles, the FMA can spatially separate recoils by
their mass-to-charge ratio. Unreacted primary beam ions mixed in with the recoil nuclei
from the reaction are stopped on the anode of the first electric dipole.
Figure 3.8: Schematic diagram of the Argonne Fragment Mass Analyzer [80].
A sophisticated control system interfaced to the hardware of the FMA provides contin-
uous monitoring of the fields and the vacuum in the system. Conditioning of the electric
dipoles is preformed under control of a computer. The initial setup of the FMA electric
and magnetic fields is done by entering the particle of interest, which then follows the
central trajectory through the FMA [81]. The electric and magnetic fields are set up so
that the recoiling reaction products are transmitted and focussed onto the central point of
the focal plane. The quadrupoles control the A/q dispersion and enhance the solid angle
coverage, thus acting as focussing elements. The device has a large energy acceptance of
±20%, corresponding to an A/q acceptance of ±4% round the central values outside of
which it falls off rapidly, and it provides 8 msr solid angle coverage [82].
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3.5.2 PPAC and Ionisation Chamber
After the recoiling reaction products are dispersed by their mass-to-charge ratio at the
focal plane of the FMA, a detection system is necessary to identify mass groups. In this
work, a parallel plate avalanche counter (PPAC) provides this critical positional informa-
tion. The PPAC consists of two mutually orthogonal wire grids held in an isobutane gas
chamber between two 0.8 µm mylar windows. The grids are positioned so that the wires in
the x-plane are in the direction of dispersion at the focal place. Charged particles that pass
through the chamber will ionise the gas, accelerating electrons from the resulting electron-
ion pairs towards the closest wire. As this is a proportional counter, the liberated electrons
have sufficient energy to further ionise the gas, causing an avalanche effect. The resulting
charge collected at the wires is proportional to the energy loss of the recoil nuclei. The
resultant charge is collected on the wires and delay-line readouts at either end of the wires
provide 2D position information.
In order to determine the atomic number Z of the recoiling nuclei, a segmented-anode
ionisation chamber (IC) was used in combination with the PPAC. The PPAC and the IC
share the same volume but whereas the PPAC provides positional information, the IC
is used to detect the energy loss,−dE/dx, of the recoiling particle passing through the
chamber.
The principle of operation of the IC is similar to that of the PPAC - as charged parti-
cles pass through a gas chamber between two electrodes electron ion-pairs are created. A
voltage is held between the electrodes which collects the charge, which in turn is propor-
tional to the energy deposited by the incident particle. The anode is segmented into three
sections to reduce pile up and allow for high count rates.
The energy loss of particles passing through a material can be described by the Bethe-
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Bloch formula [15],
− dE
dx
=
4piZ2ne
mec2β2
(
e2
4pi0
) [
ln
(
2mec2β2
I
)
− ln(1 − β2) − β2
]
, (3.4)
where mec2 is the rest mass of an electron, ne is the electron density in the chamber, β = v/c
is the recoil velocity and I is the mean excitation potential of the gas. Plotting the total
energy loss, E, over all segments of the anode, against the energy loss in the first two
segments, ∆E, allows recoils with different Z numbers to be identified.
3.6 Analogue GAMMASPHERE Triggers
GAMMASPHERE contains an individual amplifier and discriminator for each Ge de-
tector and BGO detector. These electronic circuits create logic signals associated with the
firing of individual detectors, which then determine whether a detected γ-ray event satis-
fies minimum multiplicity conditions, or trigger conditions. If the trigger conditions are
satisfied, the event is recorded for off-line processing.
In order to create event triggers, when an individual detector discriminator fires, a 50
mV signal is added to an electric sumbus for 2 µs. However, if a signal is received in
coincidence in one of the BGO shields, the 50 mV signal is cut short, as shown in Figure
3.10.
GAMMASPHERE has three triggers to determine which events are recorded. The first
one is called the pre-trigger (PT). It is often set to “3”, which means that the PT is satisfied
when three or more HPGe detectors fire simultaneously. The next level of triggering is the
main trigger (MT). It is applied 1 µs after the pre-trigger and it is also often set to “3”. If
the MT is not satisfied, then at least one of the signals that contributed to the initial sumbus
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Figure 3.10: A compton scattered γ ray.
magnitude has been Compton suppressed, as shown in Figure 3.12. A third, late trigger,
inspects the pile up status in case more than one γ-ray was absorbed by a single HPGe
detector for the event. If all three conditions are fulfilled, the event is classified as a good
event and it is recorded by the GAMMASPHERE data acquisition system, as illustrated in
Figure 3.11.
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Figure 3.11: 3 clean γ rays = good
event if PT and MT are both “3”.
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Figure 3.12: 2 cleanγ rays and 1
Compton scattered γray when PT and
MT are set to “3”.
The first experiment presented in this thesis studies 26Mg using GAMMASPHERE in
stand-alone mode and therefore, the events recorded do not need to be correlated with
events in the FMA. Recoil separation is not required for this experiment as γ rays originat-
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ing from 26Mg can easily be identified via coincidence techniques. This experiment was
performed using an analogue data acquisition system which uses the triggers described in
this section. The benefit to using analogue electronics with GAMMASPHERE is that the
system has been tested in many experiments prior to this one and the sorting software pro-
vides online analysis. The second experiment presented in this work has been performed
using the new digital data acquisition system, which is described in more detail in Section
3.7.
3.7 Upgrade to Digital System
In recent years, GAMMASPHERE, the FMA and their ancillary detectors have under-
gone a transition to new digital electronics and acquisition systems. There are a number
of advantages to digital electronics, including a significant increase in count rate and im-
proved trigger flexibility. Although these improvements are mainly aimed at nuclear struc-
ture studies where the nucleus of interest can often be very weakly populated, the digital
system has benefits to nuclear astrophysics studies too. Fusion-evaporation studies at Ar-
gonne National Laboratory can produce proton-rich nuclei, such as 35Ar. However, this
method of production preferentially populates high-spin and high-energy states in these
nuclei, while in these studies mainly low-spin states close to the particle threshold have
significance to the astrophysical reaction rates. Therefore, high statistics are vital for ob-
serving as many γ rays as possible from the states of interest. The second experiment
described in this work was performed using the digital data acquisition.
Two independent systems have been developed: the digital GAMMASPHERE (DGS)
and the digital FMA (DFMA), the latter including all focal plane detectors. These sys-
tems are based on the data acquisition and triggers used for the ‘GRETINA’ γ-ray energy
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tracking array. More information on this system is available in Ref. [83].
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Figure 3.13: Diagram of the detector electronics
The electronics sequence for DGS and DFMA data acquisition is demonstrated in Fig-
ure 3.13. The signals detected are sent through pre-amplifiers. The DC levels and gains
of the pre-amplifier outputs are then adjusted in the circuit boxes to match the digitiser
input parameters. The digitisers act as analogue-to-digital converters (ADC). Each digi-
tiser is capable of analysing up to 100 Msamples/s and digitally processing signals to
determine energy and timing information. Using application specific digitiser firmware
replaces the need for discriminators, shaping amplifiers and ADCs. Event information is
stored in buffers within the digitisers while a trigger decision is awaited. The processed
event information is passed to Trigger Timing and Control (TTC) routers.
For the DGS system, the information from all TTC routers is collected by a master
TTC and a decision is made based on the trigger requirements whether the data event
should be read out from the digitisers. After a decision has been made, a command is sent
77
3.7. UPGRADE TO DIGITAL SYSTEM Chapter 3
from the master TTC back to the individual digitisers. If all the trigger requirements are
satisfied, the data are transferred from the digitisers to Input/Output (IOC) modules. The
data collected in each IOC can be written to disk in independent output files.
The DFMA system is similar to the DGS system. The main difference between them
is that the DGS master TTC serves as a global TTC for both systems. This means that the
DFMA master TTC reports to the global TTC in order for a trigger decision to be made.
This architecture has been designed to provide the possibility of introducing complex trig-
gers that incorporate information from both systems. Additionally, it provides a means
for clock synchronisation for correlation events in GAMMASPHERE and the focal plane
detectors.
Both systems run on an “internal” triggering mode with no multiplicity requirements,
unlike the analogue system. All signals that exceed the set discriminator threshold are
recorded and can be later sorted in the analysis software. This configuration results in
large amounts of data written to disk but it allows maximum flexibility in oﬄine analysis,
and it is vital if event rates are low.
The data from each one of the 11 IOCs for DGS and the 9 DFMA IOCs is written
through the network onto a hard drive into 20 independent data files. These are later
merged into a format that can be read by the sorting software, as it will be described in
Chapter 4.
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Analytical Techniques
Once all the experimental data have been recorded onto hard drives, the off-line analy-
sis procedure begins. The data collected during the experiment are stored in binary format.
For the first experiment, the data was converted into “ROOT” format spectra [84] by the
use of a sort code for the analogue data acquisition of GAMMASPHERE called “GSSort”
[85]. Data from the second experiment was collected with the digital system described
in Section 3.7 and saved into separate files for GAMMASPHERE and the recoil selec-
tion detectors. These contain signals measured by individual detectors, or “sub-events”
which are recorded with no triggering requirements. In order to analyse these data, the
sub-events are organised in an event format using the data merging program developed
at Argonne National Laboratory called “GEBMerge”, and sorted into ROOT files by the
digital equivalent of GSSort, “GEBSort” [86].
This chapter presents the methods employed to obtain information on nuclei of astro-
physical importance from the sorted data.
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4.1 Recoil Identification
A vital aspect of the analysis in this work is separating the γ rays that originate from
nuclei of interest from γ rays that come from other evaporation channels. As the FMA
system was not employed in the first experiment, identification of γ rays associated with
the decay of 26Mg recoils was performed via γ-ray coincidences, which will be discussed
in Section 4.2. In the second experiment, the nucleus of interest was produced via an evap-
oration channel which was not strongly populated compared to other channels. Therefore,
it was crucial that the recoil identification detection system (Section 3.5) was used to sep-
arate 35Ar nuclei. This section presents a brief review of the methods used in this part of
the analysis.
4.1.1 Energy loss cuts
Section 3.5.2 presented the importance of energy loss plots for recoil identification of
nuclei with different Z number, which is essential for proton-rich spectroscopy. However,
it is important to mention that recoil identification is only possible when the recoils de-
posit sufficient energy to be lost through the ionisation chamber to allow separation on the
energy loss plots. Before the experiment, parameters including the pressure in the IC, the
energy of the beam, the thickness of the target and the thickness of the mylar foil were
varied in order to find the optimum separation space between detected recoil nuclei.
The energy loss separation of the recoils in the 35Ar experiment is shown in Fig. 4.1.
There are far fewer 35Ar recoils than 35Cl recoils as shown in Fig. 4.1. Although there
is a separation between them, the two areas overlap. The γ rays from each nucleus are
selected by outlining the area around the part of the energy loss plot corresponding to the
recoil of interest, and selecting only γ rays that were detected in coincidence with this
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Figure 4.1: Energy loss diagram obtained from the ionisation chamber
area. However, due to the fact that the Cl and Ar areas are not fully separated, and the
number of Cl recoils is large compared to Ar, 35Cl had to be sampled and subtracted from
the 35Ar spectra separately. Additionally, a further subtraction needed to be performed as
γ-ray lines from a heavier isotope of Ar were detected due to A/q ambiguity.
4.1.2 Contamination from Heavier Recoils
The FMA provides a means of selecting recoils with a certain A number [81]. The
main principle it operates through is that recoils with a given mass-over-charge ratio can
be spatially separated as they would interact differently with electromagnetic fields. How-
ever, this method does not entirely eliminate the possibility of A/Q ambiguity. In this
experiment, the FMA was set for optimal selection of nuclei with A = 35 and Q = 13
(A/Q = 2.69). The detected contaminant was 38Ar, which means that for its recoils with
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Q = 14 the ratio would be A/Q = 2.71 which creates ambiguity in the selection of mass
35. As the ionisation chamber only separates recoils by their Z number, any Ar isotopes
with mass different than 35 would not be separated on the energy loss plot in Fig. 4.1.
The contaminant nucleus was identified during the initial online analysis and it was
established that its origin is build-up of 12C on the 9Be target. The carbon nuclei reacted
with the beam to produce 38Ar via
28Si +12 C→38 Ar + 2p. (4.1)
The beam energy plays a vital role in ensuring that excited states above the proton
threshold in 35Ar are populated. However, in this experiment it was also crucial to select
a beam energy that would optimise the production of 35Ar without producing additional
38Ar recoils. A calculation of the yields of fusion evaporation reactions was performed
with the code Projection Angular momentum Coupled Evaporation (PACE4) [87] with the
results presented in Table 4.1.
Table 4.1: Calculated Yield of 35Ar and 38Ar for different beam energies
Beam Energy [MeV] Yield of 35Ar [mb] Yield of 38Ar [mb]
65 9.65 100
70 13.2 125
75 15.5 142
80 17 147
Table 4.1 shows that a significant amount of 38Ar would be mixed with the nucleus
of interest in the energy loss plot in Fig. 4.1. In order to separate the recoils, positional
information from the PPAC was used. This is shown in the histogram on Fig. 4.2, where
the position of the recoils is on the horizontal axis and the γ-ray energies are on the vertical
axis. This image contains photons from 35Cl so it is difficult to distinguish 35Ar lines.
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However, lines associated with 38Ar are marked on the figure that can be seen more clearly
on the right side of the plot. The background subtraction procedure entails by making
Figure 4.2: Positional separation of recoils and the γ-rays they are in coincidence with.
Two mass regions can be identified.
three spectra: (1) one of Cl with a cut on the energy loss plot, (2) one of 38Ar by making a
cut on Ar and only accepting γ rays that are in the heavier mass region in Fig 4.2, and (3)
a spectrum of 35Ar with a cut on Ar and a condition on the lighter mass region. Spectra (1)
and (2) are subsequently subtracted from spectrum (3) to produce a clean 35Ar spectrum
as shown in Fig 4.3. Black labels mark 35Ar lines, red lines show 38Ar and blue lines are
from 35Cl. The top panel shows spectrum (3), while the middle panel shows the spectrum
once 35Cl is subtracted. The bottom panel presents the clean 35Ar spectrum with both 35Cl
and 38Ar subtracted. Although even in the unsubtracted spectrum on the top 35Ar lines
dominate, subtracting the contaminants prevents random contaminations and makes lines
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Figure 4.3: Background subtraction from the 35Ar spectrum. Black labels mark 35Ar
lines, blue ones - 35Cl lines, and red ones - 38Ar lines.
close to strong transitions in the contaminants clearer.
Once the 35Ar recoils have been identified, the γ rays from their excited states can be
examined for previously unknown transitions from excited states above the proton emis-
sion threshold. In Fig. 4.3 a γ-ray transition at 1693 keV is clearly visible. This transition
has previously been observed in a different fusion evaporation study and confirmed to be
from an excited state in 35Ar at 9905 keV [88] proving that in this experiment proton-
unbound states were strongly populated.
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4.2 Analysis of GAMMASPHERE Data
A few important aspects of the spectroscopy need to be considered in order to identify
resonant states in both experiments.
4.2.1 Doppler Correction
Prompt γ rays emitted by recoiling reaction products experience Doppler shifts as the
recoils have non-zero velocity as they de-excite. The shift for detectors at different detector
angles is shown in Fig. 4.4.
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The measured γ-ray energy E′γ is given by the relativistic Doppler equation
E′γ = E0
√
1 − β2
1 − βcosθ . (4.2)
Here β is the ratio of recoil velocity to the speed of light, θ is the angle of emission with
respect to the recoil velocity and E0 is the true energy of the γ rays. As only recoils
moving at roughly 0◦ with respect to the beam axis are accepted by the FMA, the angle
of emission θ can be approximated as the detector angle. Therefore, the known detector
angles of GAMASPHERE allow a correction to the Doppler shift to be added in the oﬄine
analysis. An example of the corresponding Doppler corrected spectra of Fig. 4.4 is shown
in Fig. 4.5.
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Figure 4.5: Example of γ-ray spectra observed for detectors at different angles with
Doppler correction.
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The value of β for each experiment depends on experimental parameters such as the
beam energy, the reaction kinematics and the evaporation channel of nuclei of interest.
The value of β for the 16O + 11B reaction in the first experiment was 0.030. The value of β
for the 28Si + 9Be in the second experiment was 0.0565.
4.2.2 Compton Suppression
GAMMASPHERE has BGO shields surrounding each HPGe detector, as described in
Section 3.4, in order to reject events where γ rays Compton scatter out of the detector crys-
tals and only a portion of their full energy is deposited. This event rejection is performed
in oﬄine analysis by only including γ-rays that were detected in an HPGe detector without
depositing any energy in an adjacent BGO shield, as shown in Fig. 4.6.
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Figure 4.6: Gamma-ray spectrum measured by GAMMASPHERE, with (blue) and
without (black) Compton suppression for γ-rays from all recoils.
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4.2.3 Energy Calibration
Energy calibration in γ-spectroscopy experiments is performed in order to determine
the relationship between detector channel number and the actual energy value. The cali-
bration data for both experiments described in this thesis were obtained by placing 152Eu,
56Co sources at the target position of GAMMASPHERE. The characteristic spectra of
these calibration sources are shown in Fig. 4.7. A high energy transition from 16O was
also used for energy calibration. The γ source is a mixture of 244Cm and 13C. The 244Cm
decays via α particles which impinge on the 13C and initiate the 13C(α, n)16O∗ reaction.
The 16O∗ nuclei decay by emission of a 6.13 MeV γ ray to the ground state [89]. Spectrum
1000 1400 1800 2200 2600 3000
Eγ [keV]
56Co
152Eu
12
2
24
5
34
4
29
6
36
8 41
1
44
4
48
9
56
4
58
6
67
9
77
9
86
7
96
4
10
05
12
12
12
99
14
08
84
7
10
37
11
75
12
38
20
15
20
35
25
99
32
02
32
53
1400000
1000000
600000
200000
C
ou
nt
s
200 400 600 800 1000 1200 1400
Eγ [keV]
350000
250000
150000
50000
C
ou
nt
s
Figure 4.7: Calibration source spectra with their corresponding characteristic γ-rays.
analysis in this work has been performed using the RadWare program “gf3”[90], which
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was also used to determine the centroids and the areas of the peaks in the calibration spec-
tra for efficiency calibration. The centroid channel numbers of the peaks associated with
the calibration sources were related to the known γ-ray energies (Eγ) [91] by the polyno-
mial expression
Eγ = a0 + a1x + a2x2 + . . . . (4.3)
The Radware program “encal”[90] was used to determine the coefficients a0, a1 and a2.
4.2.4 Efficiency Calibration
The 152Eu and 56Co sources were also used to determine the relative efficiency of the
detectors in the array. The sources have known γ-ray intensities [91] which were com-
pared to the areas of the fitted peaks in the calibration data. The efficiency curve and its
parameters are obtained using the “effit” RadWare code[90], which is used to fit a curve
of the form
rel = exp
{[
(A + Bx +Cx2)−G + (D + Ey + Fy2)−G
]1/G}
. (4.4)
Here rel is the relative efficiency for detection of γ-rays with energy Eγ, and variables
x and y are given by
x = ln
(
Eγ
100
)
, y = ln
(
Eγ
100
)
. (4.5)
The parameters A, B, C, D, E, F and G characterise the curve and are used to calibrate
the spectra produced in the experiment. The rings in the GAMMASPHERE array contain
a different number of detectors and therefore the spectra at different angles need to be
individually corrected for efficiency. Efficiency fits are shown in Figures 4.8 and 4.9.
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Figure 4.8: Calibration data and fit for detectors at 50◦ and 130◦ angles. Black data points
represent data from 152Eu and blue data points represent data from 56Co.
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Figure 4.9: Calibration data and fit for detectors at 90◦ angle. Black data points represent
data from 152Eu and blue data points represent data from 56Co.
4.2.5 Coincidence Analysis of γ Rays
Analysis of γ-ray coincidences allows the construction of level schemes by identifica-
tion of coincident γ rays in a cascade. The data from the two experiment are converted
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to γγ coincidence matrices and γγγ coincidence cubes, which can be analysed using the
computer programs “escl8r” and “levit8r”[92], respectively.
Figure 4.10 shows an example of different cascades of γ rays from the excited state A
to another state D. A direct γ-ray transition between the two states would have energy E1.
However, the cascade might go through state C, emitting a photon of energy E2 (A→ C),
and a photon of energy E3 (C→ D). Another possible cascade would also include state B,
as show in Figure 4.10. A 2D coincidence matrix is symmetric about x = y and an event
consists of the simultaneous detection of two γ rays.
A
B
C
D
E1
E2
E3
E4
E5
Figure 4.10: Schematic of γ-ray transitions between excited states.
The analysis of coincidence matrices is performed by setting “gates”, in which the
energy of a γ-ray of interest, E2 for example, is specified and the projection onto the other
axis is inspected. This projection is a one-dimensional spectrum, which, in principle,
contains only transitions which are coincident with the gated energy, namely E3. Thus the
excitation energy of state C can be inferred.
If a gate is set on E3, then the gated spectrum would contain E2, but also E4 and E5.
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The 3D coincidence cube can be used to identify E4 and E5 as γ rays in the same cascade.
The cube is symmetric about x = y = z, which allows the detection of three simultaneous
γ rays.
Figure 4.11 presents an example of level scheme analysis using a γγγ coincidence
cube from the present work on 26Mg. The top panel shows a total projection of the cube
with no gates applied to it. The middle panel shows the spectrum with a single gate on Eγ
= 1411 keV transition from 4350 keV excited state. This spectrum, in principle, includes
only the 1809 keV and 1130 keV transitions following the 1411 keV transition, and γ-rays
decaying to 4350 keV state. The bottom panel presents a spectrum where a double gate
is placed on 1411 keV γ ray and on 1365 keV transition from 6623 keV state to 4350
keV state. The peak at 1680 keV is a transition from 7396 state to 6623 keV state. In
the top panel of Fig. 4.11 several strong transitions from other evaporation channels can
be identified. This is due to the fact that the FMA and the focal plane detectors were
not used for the experiment on 26Mg. However, from the bottom two panels it can be
confirmed that any contamination from other recoils can effectively be eliminated through
coincidence analysis.
In the assignment of γ-ray transitions to the levels scheme it is important that the
energies of the different paths connecting A and B are equal (E1 = E2 +E3 = E3 +E4 +E5).
Additionally, the spins of the initial and final levels must reflect the angular momentum
carried away by the photons. In this work, the angular momentum carried away by the
γ-ray transitions is determined by angular distribution measurements. When these are
ambiguous or not possible due to low statistics, the spin and parity of the state that the
transition started from can still be constrained.
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Figure 4.11: Example of analysis using a γγγ coincidence cube from present work on
26Mg. Top panel shows a total spectrum of γ rays detected in the experiment. The middle
panel shows only the γ rays in coincidence with the 1411 keV transition in 26Mg. The
bottom panel shows only γ rays in coincidence with both the 1411 and 1365 keV
transitions.
4.2.6 Angular Distribution Measurements
The GAMMASPHERE array consists of 17 rings of detectors at a constant angle, θ,
with respect to the beam axis. This arrangement allows excellent angular distribution
measurements. In this method the intensity of a γ-ray transition is measured as a func-
tion of cos2θ. The spectra obtained from rings at opposite angles about 90◦ (cos(θ) =
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−cos(θopposite)) are combined for greater statistics.
In this work, the peak areas are measured in all ring spectra and are efficiency corrected
using the RadWare code “energy”[90]. The relative intensities of the transitions are then
fitted with the angular distribution function W(θ) (see Equation 2.51) with the program
“legft”[90]. The parameters a2 and a4 can be used to determine the angular momentum
carried away by the γ-ray transitions observed. Figure 4.12 shows examples of angular
distribution fits obtained in the first experiment.
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Figure 4.12: Examples of angular distribution fits on known transitions in 26Mg [41] from
present work. (a) Eγ = 1411 keV transition from 4350 keV state with ∆J = 1.
(b) Eγ = 3092 keV transition from 4901 keV state with ∆J = 2.
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Chapter 5
Level Structure of 26Mg and the
22Ne(α, γ)26Mg Reaction Rate
The 22Ne(α, γ)26Mg reaction rate plays an important role for the production of neutrons
for the weak s-process. However, constraining its rate has presented a significant challenge
due to the lack of experimental data on resonant states above the α-emission threshold.
This chapter looks at the previous efforts to reduce the uncertainty in its reaction rate and
provides new experimental data on states in the astrophysical region of interest and their
contribution to the reaction rate.
5.1 Previous studies
5.1.1 Measurements of Resonances in 26Mg
The first study to identify excited states in 26Mg in the energy region between the α-
emission threshold (S α = 10615 keV) and the neutron separation energy (S n = 11093 keV)
in 26Mg [41] was performed by Cujec et al. [93]. The states were populated through the
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25Mg(d, p)26Mg reaction utilising a cyclotron to produce 15 MeV deuterons and a mag-
netic spectrometer and photographic plates to detect the outgoing protons. They detected 6
excited states across the region of astrophysical significance with an energy precision of 20
keV. The levels at 10.70 MeV and 10.91 MeV were marked as essentially broader than the
experimental resolution, or a group of unresolved levels, suggesting that due to high level
density, an improved energy resolution is required to identify all individual states. Addi-
tionally, the energy of resonant states is required to a higher precision as small changes in
Er could significantly affect the rate contribution.
Excited states of 26Mg were also studied in an inelastic electron scattering experiment
performed by Lees et al. [94]. This study sought to improve the resolution of a similar
experiment performed by Bendel et al. [95]. Four states in the region of interest were
measured by Lees et al. [94] and tentatively assigned spins and parities. However, these
states were not clearly resolved due to the dense but weakly excited region between 8.5
and 11 MeV in the experiment and, therefore, further investigation was required.
A further study of the states in the region of interest through proton scattering was
published by Moss et al. [40]. Protons for this experiment were provided by a Van de
Graaff accelerator, and the scattered protons were detected by a proportional chamber
on the focal surface of a magnetic spectrometer. They reported 20 excited states in the
region of interest with an improved energy resolution of ± 3 keV. Unfortunately, no further
information to estimate the contribution of these states to the rate of the 25Mg(d, p)26Mg
reaction could be obtained.
The only direct measurement of the 22Ne(α, γ)26Mg reaction, is a study by Wolke et
al. [96]. The experiment was performed with the 4 MV Dynamitron accelerator at the
Institut fu¨r Strahlenphysik in Stuttgart which supplied a 4He+ beam at energies from 0.71
to 2.25 MeV. To suppress undesirable reaction channels, a differentially pumped gas target
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system filled with neon gas enriched to 99% in 22Ne was used. The observed resonances
are shown in Fig. 5.1.
Figure 5.1: Excitation function of 22Ne(α, γ)26Mg for the 1809 keV secondary γ-ray
transition shown as a function of effective beam energy, Ee f f a) for target pressure of 4
Torr, and b) for 1 Torr. The observed resonances are labelled by their resonance energies,
ER. Figure from [96].
Wolke et al. [96] observed a number of resonances relevant for the 22Ne(α, γ)26Mg
reaction. However, it is noted that in their experiment the number of neutrons that pro-
duced background in the γ-ray detectors is far greater than the number of captured γ rays.
Although detectors with a high signal-to-background ratio were used, significant uncer-
97
5.1. PREVIOUS STUDIES Chapter 5
tainties and reduced sensitivity were unavoidable in this study.
Figure 5.2: Gamma-decays of 26Mg levels above 9.2 MeV. Numbers to the left of vertical
lines are branching ratios, while the numbers to the right are their respective errors
(Figure taken from [63]).
The γ decays of levels in 26Mg were first investigated up to an excitation energy of 12.5
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MeV by proton-γ-ray coincidence measurements in the 23Na(α, pγ) reaction performed
by Glatz et al. [63]. The transitions from high energy states reported in Ref. [63] are
shown in Fig. 5.2. Although no spin-parity assignments were made for the 6 states they
observed in the region of astrophysical importance, this experiment provided important
decay information that can be used to constrain Jpi and reduce the uncertainty in excitation
energy for these states.
A further study of the γ rays from excited states in 26Mg was performed through
thermal-neutron capture at Oak Ridge National Laboratory by Walkiewicz et al. [97].
They observed 5 states in the region of interest. However, the uncertainties in the ener-
gies of the states that they report are remarkably low even for transitions measured with a
germanium detector. Additionally, the γ-ray transitions through which the observed states
deexcite have not been marked in Ref. [97] and can therefore not be used to deduce spins
and parities of states in this region. It is, however, reported that a state at 11093.18(3) keV
is a 2+ + 3+ mixture.
The first (6Li, d) study aimed at the astrophysical range of interest in 26Mg was per-
formed at the FN-Tandem accelerator at Notre Dame University by Giesen et al. [62]. A
beam of 6Li at bombarding energy of 32 MeV was used in a gas cell of 99% enriched 22Ne.
The reaction products were analysed with a broad-range magnetic spectrograph and a po-
sition sensitive proportional counter system backed by a scintillator. The 22Ne(6Li, d)26Mg
spectrum obtained is shown in Fig. 2.4. The energies of the populated α-unbound natural
parity states in 26Mg are marked. The angular distributions obtained in Ref. [62] for some
of the transitions observed are shown in Fig. 2.5. A tentative assignment of Jpi = 3− is
suggested for the state at 10945(3) keV by Giesen et al. [62]. However, Glatz et al. [63]
also observed this state via the 23Na(α, pγ) reaction and its observed γ-decay pattern does
not support the assignment made by Giesen et al. [62]. Only Jpi assignments of 5−, 6+
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and 7− are allowed for this state. Ugalde et al. [64] suggests that the discrepancy between
these results is likely to arise from the fact that the DWBA analysis and Jpi assignment
were performed for a peak consisting of two unresolved states.
Ugalde et al. [64] performed an additional 22Ne(6Li, d)26Mg study at the Wright Nu-
clear Structure Laboratory van de Graaff accelerator at Yale University. They identified
two states in 26Mg that fall between the α-emission threshold and the neutron separation
energy. The first one had Ex = 10808(20) keV, and the second one had Ex = 10953(25)
keV. Values of S α for these two states were also deduced from this experimental work.
Another γ-ray spectroscopy experiment was performed [98] following the publication
by Ugalde et al. [64] which utilised a polarimetry setup at Duke University. The benefit
of such an experimental technique is that excited states with low spin can be studied with
high energy resolution and their spins and parities unambiguously determined. States at
Ex = 10647.3(8) keV (Jpi = 1+), Ex = 10805.7(7) keV (Jpi = 1−), Ex = 10949.1(8)
keV (Jpi = 1−) were identified, confirming and building on the previous measurements of
these states. The measurement of the Ex = 10949.1 keV level at such low spin confirms
the existence of a doublet in this energy region that could not be resolved in References
[62, 64], consisting on a 1− state, as observed by Longland et al. [98], and a high-spin
state reported by Glatz et al. [63].
Most recently, a study of excited states in 26Mg was published by Talwar et al. [99]
where α-inelastic scattering and α-transfer measurements were performed using the Grand
Raiden Spectrometer at the Research Center for Nuclear Physics in Osaka, Japan. Four
level in the region of interest were reported at 10717(9), 10822(10), 10951(21), 11085(8)
keV. Unfortunately, due to the uncertainty in energy associated with such measurements,
the error range of these states suggest they could be a a number of or a combination of
states listed by Endt et al. [41]. For instance, the 10717(9) keV state could correspond
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to either of the previously observed states at 10707(3), 10718.75(9) and 10726(2) keV. As
such experiments are likely to preferentially populate low spin states, it is also assumed
that the state observed at 10822(10) keV corresponds to the 1− state observed at 10805.7(7)
keV in Ref. [98], although their energies do not agree with each other, while the state
observed is more likely to be the one reported in Ref. [40] at 10824(3) keV. In fact, the
reaction mechanisms employed by Talwar et al. [99], do not rule out spins higher than 1.
The 4+ state at 10694 keV was observed in Ref. [62] through the 22Ne(6Li,d)26Mg reaction,
along with the state of 10949 keV, which yielded an ambiguous spin-parity assignment
most likely due to the measurement containing both the low and high spin part of the
doublet. The state at 11085(5) keV observed by Talwar et al. [99] and assigned Jpi = 2+, 3−
can be associated with a state measured in Ref. [40] at 11084(3) keV, and is likely to
correspond to the state reported by Walkiewicz et al. [97] at this energy.
5.1.2 22Ne(α, γ)26Mg Rate Determination
Prior to the studies by Giesen et al. [62] and Wolke et al. [96] the influence of reso-
nances were only estimated because their strengths were too weak to be measured by γ-ray
detector systems at the time. Soon after these studies, the first reaction rate calculations
to assess the impact of resonances in the region of interest was performed by Ka¨ppeler et
al. [100]. The calculated rate is dominated by the 400 keV resonance, corresponding to
the state erroneously assigned to have Jpi = 3− in Ref. [62], and a resonance at 828 keV,
which lies above the neutron separation energy. The rate of the 22Ne(α, γ)26Mg reaction
was also included in a compilation by the NACRE collaboration [46]. However, the upper
limit for the rate at typical He-burning temperatures differs by about a factor of 50 from
the recommended rate.
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Updated rates were calculated by Karakas et al. [101], considerably reducing un-
certainties, in order to study how the 22Ne(α, γ)26Mg rate affects the production of heavy
magnesium isotopes in AGB stars. Although no new experimental data on low-energy res-
onances was included, the resonance strengths, ωγ for the 22Ne(α, γ)26Mg reaction were
recalculated with spectroscopic factors renormalised to a new experimentally determined
strength of a state at 11.328 MeV [102].
The most recent comprehensive evaluation of the 22Ne(α, γ)26Mg reaction rate was
performed by Longland et al. [39]. They included the contribution of four states between
the α-emission threshold and the neutron separation energy. The first state is at 10693
keV. It was observed by Giesen et al. [62] and its spin and parity were constrained to 4+
considering the decay scheme of this state reported in Ref. [63]. The α-particle spectro-
scopic factor for this state was measured by Giesen et al. [62] and, after normalisation,
is assumed to be S α = 0.059 in Ref. [39]. The 10806 keV (Jpi = 1−) state, measured by
Ugalde et al. [64] and Walkiewicz et al. [97], was also included in the rate evaluation with
an α-particle spectroscopic factor of S α = 0.048 [64]. Finally, the doublet of the 10943
keV (Jpi = 5−7−) and 10949 keV (Jpi = 1−) contribute to the evaluation by Longland et
al. [39]. It is unclear which state Ugalde et al. [64] observed, therefore, the normalised
spectroscopic factor of S α = 0.007 reported in Ref. [64] was treated as an upper limit for
both states. It should also be noted that in the reaction rate calculations by Karakas et al.
[101], the incorrect spin-parity values for the 10943 keV state were used.
From the rate evaluation by Longland et al. [39] it can be inferred that states at energies
just above the neutron separation energy also play an important role to the reaction rate.
Such states are not likely to be populated in the present work as they would preferentially
decay through evaporating neutrons. However, only 4 out of the 20 states previously
observed in the region between the α-emission threshold and S n were used in the most
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recent evaluation [39], and it is expected that resonant states in the region can increase the
reaction rate of 22Ne(α, γ)26Mg by a factor of 30 [39]. Additionally, states just above the
α-emission threshold would impact the reaction rate at lower temperatures, thus using up
the 22Ne fuel for the 22Ne(α, n)25Mg reaction, limiting the neutron production vital for the
s-process in massive stars, as well as the final isotopic abundances of magnesium isotopes.
Most recently, the study by Talwar et al. [99] included an estimation of the rate of the
22Ne(α, γ)26Mg reaction considering the states that were observed in their study. Addi-
tionally, they investigated the potential effect of α clustering. This concept considers the
structure of an α particle as a cluster of two protons and two neutrons. Such a closed-shell
configuration makes it particularly stable in self-conjugate nuclei due to pairing effects.
Such a structure may significantly influence the resonant contribution to rates of reactions
involving light nuclei as discussed in Ref. [103]. Such states were potentially detected by
Talwar et al. [99] owning to the uncharacteristically high spectroscopic factors reported
for the 10951 keV state within the region of interest for this work and states observed
above the neutron-separation energy. As such, these states have a significant impact on the
reaction rate.
5.2 Level Structure of 26Mg
The sub-threshold level scheme of 26Mg is fairly well established [41]. The majority
of these states were observed in the present work and are presented in Table 5.1. These are
compared to previous measurements of excited states in 26Mg [41], as well as Shell Model
(SM) predictions [73]. The excitation energies Ex and angular distribution measurements
obtained in the current work are in excellent agreement with previous measurements. A
number of the transitions marked as “a” in Table 5.1 have not been listed in the compila-
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tion in Reference [41]. However, where possible, the angular distribution measurements
performed on these transitions are in good agreement with previous spin and parity assign-
ments of the states associated. These transitions are shown in Figures 5.13, 5.15, 5.16 and
5.19. The intensities of the observed γ-ray transitions, Iγ, relative to the 1809 keV γ-ray
are also presented in Table 5.1.
Table 5.1: Observed states in 26Mg in this work below 10614.8 keV. Excitation energies
have been corrected for the recoil of the compound nucleus.
Ex([41]) Ex(present) Eγ a2/a4 Jpi SM Ex(Jpi) Iγ (%)
(keV) (keV) (keV) (keV)
1808.73(3) 1808.7(1) 1808.6(1) 0.17(3)/ − 0.02(3) 2+ 1929 (2+1 ) 100
2938.34(4) 2938.4(1) 1129.7(1) 0.04(3)/ − 0.02(3) 2+ 3153(2+2 ) 84(3)
2938.1(2) 0.13(3)/0.02(4) 1.3(5)
3941.55(4) 3941.6(2) 1003.7(1) −0.16(2)/ − 0.03(3) 3+ 3921(3+1 ) 35(2)
2131.0(2) −0.25(2)/0.02(3) 6.6(2)
4318.88(6) 4319.1(2) 2510.3(2) 0.13(3)/0.03(3) 4+ 4533(4+1 ) 20(1)
4332.57(5) 4329(2) 1391(2) −0.04(3)/ − 0.04(4) 2+ 4541(2+3 ) 3.3(5)
4350.08(5) 4350.0(1) 1411.5(1) −0.35(2)/ − 0.01(3) 3+ 4511(3+2 ) 23(1)
4835.13(5) 4835.3(1) 1896.8(1) 0.12(3)/0.06(3) 2+ 5000(2+4 ) 6.6(4)
4901.30(9) 4900.9(3) 3092.0(3) 0.15(3)/0.07(4) 4+ 4932(4+2 ) 7.6(6)
4972.3(1) 4973(1) 2035(1) 0+ 5204(0+3 ) 1.4(2)
5291.74(5) 5291.6(2) 2353.1(2) 2+ 5404(2+5 ) 2.2(3)
5476.11(7) 5476.2(2) 1157.1(1) 0.18(3)/ − 0.1(3) 4+ 5473(4+3 ) 9.0(5)
1534.2(4) −0.24(2)/ − 0.01(3) 7.3(4)
5715.6(1) 5716.1(5) 1365.9(5) −0.38(2)/ − 0.03(3) 4+ 6009(4+4 ) 7.4(4)
1774.9(5) −0.53(2)/0.05(3) 9.2(5)
2776.4(8) 0.21(3)/0.03(4) 2.9(3)
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Table 5.1: Observed states in 26Mg in this work below 10614.8 keV. Excitation energies
have been corrected for the recoil of the compound nucleus.
Ex([41]) Ex(present) Eγ a2/a4 Jpi SM Ex(Jpi) Iγ (%)
(keV) (keV) (keV) (keV)
6125.48(4) 6125.5(5) 1775.4(5) 0.05(3)/0.00(3) 3+ 6268(3+3 ) 2.7(3)
6622(1) 6621.7(5) 1720.9(4) 0.23(3)/ − 0.01(4) 4+ 6777(4+5 ) 2.0(3)
2273.0(8) −0.28(4)/0.03(5) 0.8(2)
2300.4(8) 0.15(7)/ − 0.02(8) 0.9(2)
6978(1) 6978.5(4) 1502.2(3) −0.36(2)/0.05(3) 5+ 7038(5+1 ) 5.9(3)
2657(1) 1.1(2)
3036.9(7) 0.11(4)/0.06(5) 1.3(2)
7246.49(17) 7246.0(9) 2895.8(9) 0.01(5)/ − 0.1(1) 3+ 7282(3+4 ) 0.3(1)
7282.74(5) 7281.9(8) 3340.1(8) −0.23(5)/0.10(8) 4− 1.3(2)
7395(1) 7396.2(6) 1679.9(6) −0.15(4)/ − 0.11(5) 5+ 7465(5+2 ) 10(1)
2494.8(8) 0.8(7)
3046.2(7) 1.2(2)
7725.7(2) 7721(2) 3779(2) −0.00(7)/ − 0.18(10) 3+ 7602(3+5 ) 0.3(2)
7773(1) 7773.9(9) 3832.5(9) −0.15(6)/ − 0.09(7) 4+ 7941(4+7 ) 1.0(2)
7953(1) 7953.2(9) 3633.8(9) −0.13(3)/ − 0.2(4) 5− 1.7(3)
8033(2) 8033(2) 5094(2) 2+ 8391(2+10) 0.9(5)
8201(1) 8201.3(6) 1222.9(5) −0.46(4)/0.19(5) 6+ 8194(6+1 ) 1.2(2)
3300.7(8) 0.22(4)/ − 0.02(5) 0.8(2)
3880(1) 0.19(4)/0.02(5) 1.4(2)
8250.7(1) 8252(2) 5313(2) −0.12(6)/0.05(8) 3+ 8404(3+7 ) 1.2(3)
8472(1) 8472.5(5) 1497(1) 6+ 8428(6+2 ) 0.5(3)
3570.8(3) 0.29(4)/0.02(5) 0.8(2)
4152(2) 0.3(2)
8532.27(2) 8533.1(9) 4182.6(9) −0.19(4)/ − 0.07(5) 2+ 8716(2+11) 1.0(2)
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Table 5.1: Observed states in 26Mg in this work below 10614.8 keV. Excitation energies
have been corrected for the recoil of the compound nucleus.
Ex([41]) Ex(present) Eγ a2/a4 Jpi SM Ex(Jpi) Iγ (%)
(keV) (keV) (keV) (keV)
5593(3) 0.7(2)
8625(1) 8625(1) 2003(1) −0.12(4)/0.01(5) 5− 1.4(2)
9169(1) 9169(1) 1215.4(3) −0.48(3)/0.11(4) 6− 1.2(2)
2190(2) 0.5(1)
9261(2) 9265(2) 5323(2) −0.54(8)/ − 0.7(11) 4+ 9236(4+11) 0.7(2)
9371(2) 9378(3) 5436(3) −0.33(9)/ − 0.11(13) 4+ 9387(4+12) 0.7(2)
9427.74(7) 9428(3) 6489(3) −0.12(8)/0.03(11) 3+ 9304(3+9 ) 0.4(2)
9982(2) 9980(2) 6038(2) (1 − 5) 0.3(2)
9989(1) 9987(2) 3008(2) −0.12(4)/0.09(5) 6+ 0.7(1)
10136(3) 10141(3) 5790(3)a −0.22(8)/0.09(11) (2, 4) 0.5(2)
10328(3) 10327(3) 5976(3)a −0.32(7)/0.09(11) (2, 4) 0.5(2)
7395(3)a 0.1(2)
10350.4(1) 10350(2) 5446(2)a 0.03(8)/ − 0.12(10) (4+) 0.23(14)
10493(3) 10499(4) 7561(4)a 2+ 0.01(8)
10529(2) 10531(2) 4816(4) (3) 0.6(2)
5054(2)a 0.3(2)
5631(3)a −0.18(10)/ − 0.04(13) 0.03(10)
6180(3)a 0.30(15)
10599.96(7) 10598(2) 6656(2) (1 − 4) 0.27(18)
A number of plots of angular distribution measurements for sub-threshold states are
shown in Figures 5.3, 5.4, 5.5 and 5.6. A subtle difference can be observed in the angular
distributions for ∆J = 0 and ∆J = 2, as it can be seen in Fig. 5.4. The fit for ∆J = 0
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Figure 5.3: Angular distribution fits for γ-ray transitions in 26Mg - (a) 2273 keV
transition from 6623 keV state (Jpi = 4+) to the 4350 keV state (Jpi = 3+). (b) 2300 keV
transition from 6623 keV state (Jpi = 4+) to the 4319 keV state (Jpi = 3+).
transitions in this experiment tends to be more plateaued and yields small values for the a2
parameter compared to those for ∆J = 2 transitions.
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Figure 5.4: Angular distribution fits for γ-ray transitions in 26Mg - (a) 1129 keV
transition from 2938 keV state (Jpi = 2+) to the 1809 keV state (Jpi = 2+). (b) 2938 keV
transition from 2938 keV state (Jpi = 2+) to the ground state (Jpi = 0+).
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Figure 5.5: Angular distribution fits for γ-ray transitions in 26Mg - (a) 1502 keV
transition from 6978 keV state (Jpi = 5+) to the 5476 keV state (Jpi = 4+). (b) 3037 keV
transition from 6978 keV state (Jpi = 5+) to the 3941 keV state (Jpi = 3+).
5.3 States of Astrophysical Importance
In a previous study of excited states in 26Mg [40], 20 states were observed between the
α-emission threshold (S α = 10615 keV) and the neutron separation energy (S n = 11093
keV) in 26Mg. These could significantly affect the 22Ne(α, γ)26Mg reaction reaction rate,
thus affecting neutron production for the astrophysical s-process. The aim of the present
work was to populate these states and obtain information that could affect their contribu-
tion to the reaction rate. The excited states in the region of interest observed in this work,
as well as their observed decay schemes, are presented in Figure 5.7. Due to the high level
density below the α-emission threshold, for clarity, only states in the region of interest
and lower-lying states through which they decay are shown in the level scheme. Details
and comparison with the excitation energies reported by Moss et al. [40] are presented in
Table 5.2. The intensities of the observed γ-ray transitions, Iγ, relative to the 1809 keV
γ-ray are also presented.
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Figure 5.6: Angular distribution fits for γ-ray transitions in 26Mg - (a) 1223 keV
transition from 8201 keV state (Jpi = 6+) to the 6978 keV state (Jpi = 5+). (b) 3300 keV
transition from 8201 keV state (Jpi = 6+) to the 4901 keV state (Jpi = 4+), (c) 3880 keV
transition from 8201 keV state (Jpi = 6+) to the 4319 keV state (Jpi = 4+).
Table 5.2: Observed states in 26Mg in the region of astrophysical importance.
Ex (keV) Ex (keV) Er (keV) Eγ (keV) a2/a4 Jpi Iγ(%)
([41] (present)
10646(2) unobserved 31(2) 1+
10650(2) 10651.2(9) 36(1) 1482.1(1) −0.7(1)/0.17(13) 7− 0.5(1)
2699(2) 0.4(1)/0.2(2) 0.12(8)
10678(3) unobserved 67.2(3)
109
5.3. STATES OF ASTROPHYSICAL IMPORTANCE Chapter 5
10689(3) (10686.1(20)) (71.1(20)) 2733(2) (3−, 4, 5, 6, 7−) 0.01(8)
10693(3) 10696.2(20) 81.4(20) 3300(2) 4+ 0.4(1)
10702(3) 10703.2(20) 88.4(20) 6353(2) −0.26(8)/0.04(11) (2, 4) 0.25(11)
10709(2) 10709.5(9) 94.7(9) 2756(2) (3−, 4, 5, 6+) 0.01(9)
5808(1) 0.09(9)
10718.75(9) unobserved 104.0(1)
10726(3) 10725.0(15) 110.2(15) 5250(1) 0.18(6)/0.06(8) 2+ 0.32(10)
6403(2) 0.15(12)
10744(3) 10741.5(30) 126.7(30) 7802(3) 0.17(7)/0.16(8) 4+ 0.30(19)
10766(3) 10764.2(15) 149.4(15) 3366(3) 3+ 0.03(10)
5048(1) -0.6(1)/-0.21(15) 0.34(12)
10805.9(4) unobserved 190.2(4) 1−
10824(3) 10823.1(30) 208.3(30) 5346(3) (2+) 0.04(7)
10881(3) 10877.6(30) 262.8(30) 5161(3) (2+, 3, 4, 5, 6+) 0.16(11)
10893(3) 10895.6(2) 280.8(20) 3498(2) (3+, 4, 5+) 0.03(11)
6546(3) 0.01(9)
6956(3) 0.18(12)
10915(3) 10913.0(30) 298.2(30) 6593(3) 0.42(16)/0.28(21) (2+, 6+) 0.03(11)
10927(3) unobserved 312.2(30)
10945(3) 10944(4) 329.2(40) 1775(4) (5−, 6+, 7−) 0.4(2)
10949.1(8) unobserved 334.4(8) 1−
10978(3) unobserved 363.3(30)
10998(3) 10997.2(30) 382.4(30) 3600(3) 3+, 4+ 0.34(10)
8059(4)
11017(3) 11018.5(25) 403.7(25) 6666(2) (2+, 3, 4, 5+) 0.21(11)
7078(3) 0.06(11)
11048(3) unobserved 433.3(30)
11084(3) 11081.1(40) 466.3(40) 6761(4) 0.4(2)/0.0(3) 2+ 0.02(11)
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5.3.1 The 10651.2 keV Level (Er = 36 keV)
A transition at 1482 keV was clearly observed in the present experiment in double
coincidence with the 1215 keV line from the 9169 keV state (Jpi = 6−) and the 1809 keV
transition, as shown in Fig. 5.8. The angular distribution analysis for this transition (Fig.
5.9) yields fit parameters a2/a4 = −0.54(4)/0.14(5), indicating an angular momentum
change of ∆J = ±1 between the states in which the γ ray acts.
1000 2000 3000 4000
Eγ [keV]
1
3
5
7
C
ou
nt
s
11
30
14
82
(3
6)
17
75
(3
29
)
25
10
36
34
1215 and 1809 keV gate
Figure 5.8: Transitions in coincidence with both the 1215 keV and 1809 keV lines in
26Mg in the energy region of astrophysical importance. Transitions from possible
resonant states are marked in red with their resonance energies in brackets.
An additional γ-ray decay line was observed from the 10651 keV state in coincidence
with the 3634 keV transition from the 7953 keV state (Jpi = 5−) (see Fig. 5.10). The
angular distribution fit parameters for this transition indicate a ∆J = ±2 change. Both of
the observed transitions were reported in the detailed examination of the level structure of
26Mg aimed at high spin states was preformed by Glatz et al. [63]. The angular distribution
measurements from the current work constrain the spin and parity for this state to be
Jpi = 7−. Therefore, this measurement reduces the uncertainty in the excitation energy for
this state and identifies it as a natural parity state.
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Figure 5.9: Angular distribution fit for the 1482 keV transition from the 10651 keV state
in 26Mg.
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Figure 5.10: Transitions in coincidence with the 3634 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
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Figure 5.11: Angular distribution fit for the 2699 keV transition from the 10651 keV state
in 26Mg.
5.3.2 The 10686.1 keV Level (Er = 71.1 keV)
A transition was observed in coincidence with the 3634 keV line from the 7953 keV
state (Jpi = 5−) at Eγ = 2733 keV (see Fig. 5.10) that would correspond to a state at
10686.1 keV. This excitation energy is in agreement with the state observed by Moss et al.
[40]. The current assignment is tentative due to the 2733 keV line merging with the 2756
keV line in the coincidence spectrum. Due to this decay pattern, the possible spin-parity
for this state can be constrained to Jpi = 3−, 4, 5, 6, 7−.
5.3.3 The 10696.2 keV Level (Er = 81.4 keV)
A clear transition at 3300 keV is observed in coincidence with the 1680 keV line from
the 7396 keV state (Jpi = 5+), as shown in Fig. 5.12. This transition corresponds to an
excited state at 10696.2 keV (Er = 81.4 keV). An angular distribution measurement is
not possible as the 3300 keV peak cannot be fitted clearly in all detector rings due to low
statistics.
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Figure 5.12: Transitions in coincidence with the 1680 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
This state was also observed in the (6Li, d) study by Giesen et al. [62], in which an
assignment of Jpi = 4+, 7− or 8+ was suggested. Additionally, in the γ-spectroscopy study
by Glatz et al [63], a transition from the 10695 keV state to the 7396 keV state was also
observed. Due to this decay pattern, Ugalde et al. [64] assumed a Jpi = 4+ assignment.
5.3.4 The 10703.2 keV Level (Er = 88.4 keV)
Figure 5.13 shows the γ-ray spectrum in coincidence with the 1411 keV line from the
4350 keV state (Jpi = 3+). A transition is observed in this gate at 6353 keV corresponding
to a decay from an excited state at 10703 keV. This measurement agrees with the study
by Moss et al. [40] where an excited state at 10702 keV was reported. The angular
distribution fit for this transition, shown in Fig. 5.14, indicates a ∆J = ±2, implying that
the state has J = 2 or 4.
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Figure 5.13: Transitions in coincidence with the 1411 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
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Figure 5.14: Angular distribution fit for the 6353 keV transition from the 10703 keV state
in 26Mg.
5.3.5 The 10709.5 keV Level (Er = 94.7 keV)
A transition at Eγ = 2756 keV was observed decaying to the state at 7953 keV (Jpi =
5−), as shown in Fig. 5.10. Additionally, a γ-ray transition was observed at 5808 keV in
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coincidence with the 3092 keV transition from the 4901 keV state (Jpi = 4+), presented in
Fig 5.15. Both of these lines can be associated with an excited state at 10709.5 keV. This
level was also observed by Glatz et al. [63] via a decay to the 5716 keV state (Jpi = 4+).
It should be noted that in the compilation by Endt et al. [41], it was assumed that the
10702(2) keV state observed by Moss et al. [40] and the state at 10709(2) reported in Ref.
[63] are the same level and the average Ex = 10707(3) keV was established as the energy
of the state. With the improved precision of the current measurement, it is established
that these are two separate states at 10703.2(20) and 10709.5(9) keV, both of which could
contribute to the 22Ne(α, γ)26Mg reaction rate.
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Figure 5.15: Transitions in coincidence with the 3092 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
Although the 5808 keV peak is clearly defined in the coincident spectrum, the available
statistics are not sufficient to allow an angular distribution measurement for this transition.
However, the decay pattern of the 10709.5 keV state allow the possible spins and parities
to be limited to Jpi = 3−, 4, 5, 6, 7−.
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5.3.6 The 10725.0 keV Level (Er = 110.2 keV)
A clear peak at 5250 keV is observed in the γ-ray spectrum in coincidence with the
1157 keV line from the 5476.6 keV state (Jpi = 4+). This decay is from a state at 10725
keV. The angular distribution analysis of this transition, shown in Fig. 5.17 indicates
∆J = 2.
250
150
50
4800 5000 5200 5400 5600 5800 6000
C
ou
nt
s
Eγ [keV]
48
76
50
54 52
50
(1
10
)
53
46
(2
08
)
1157 keV gate
(5
54
2 
&
 5
57
0)
(5
69
4)
Figure 5.16: Transitions in coincidence with the 1157 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
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Figure 5.17: Angular distribution fit for the 5250 keV transition from the 10725 keV state
in 26Mg.
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Additionally, a peak at 6403 keV is observed in coincidence with the 2510 keV transi-
tion from the 4319 keV state (Jpi = 4+), also corresponding to the Ex = 10725 keV state.
This state has previously been observed by Moss et al. [40] at 10726(3) keV. Moreover,
Talwar et al. [99] report a state at Ex = 10717(9) keV, the uncertainty range for which
overlaps with the state observed in Ref. [40] and the current measurement. Talwar et al.
[99] measured the spin parity of this state to be 1− or 2+. An assignment of Jpi = 1− is
unlikely as this state was not observed in the photon scattering experiment by Longland et
al. [98], in which mostly J = 1 states are populated. An assignment of Jpi = 2+ is therefore
assumed as it agrees with the current measurement too.
260
220
180
140
100
60
20
6400 6600 6800 7000 7200
C
ou
nt
s
Eγ [keV]
64
03
(1
10
)
65
93
(2
98
)
67
61
(4
66
)
2510 keV gate
Figure 5.18: Transitions in coincidence with the 2510 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
5.3.7 The 10741.5 keV Level (Er = 126.7 keV)
Figure 5.19 shows the spectrum in coincidence with the 1129 keV transition from the
2938.3 keV state (Jpi = 2+). The 7802 keV line in the spectrum corresponds to a transition
from an excited state at 10741.5 keV. The angular distribution analysis of this transition,
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shown in Fig. 5.20, indicates ∆J = 2. As it is unlikely that a Jpi = 0+ state would be
detected in the current experiment at this energy, the state is assigned Jpi = 4+, confirming
another natural parity state in the region of astrophysical significance. This measurement
is also in agreement with the detection of an excited state at 10744(3) keV by Moss et al.
[40].
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Figure 5.19: Transitions in coincidence with the 1129 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
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Figure 5.20: Angular distribution fit for the 7802 keV transition from the 10742 keV state
in 26Mg.
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5.3.8 The 10764.2 keV Level (Er = 149.4 keV)
A transition was detected at 3366 keV in coincidence with the 1680 keV decay from
the 7396 keV state (Jpi = 5+) as shown in Fig. 5.12. Additionally, a peak at Eγ = 5048 was
observed in coincidence with the 1366 keV decay from the 5716 keV state (Jpi = 4+) (Fig.
5.21). Both of these transitions correspond to an excited state at 10764.2(15) keV. Moss
et al. [40] reported a state at 10769(3) keV which is in agreement with this measurement.
Additionally, Glatz et al. [63] observed this state via a decay to the 2938.3 keV state
(Jpi = 2+). Unfortunately, this transition was not detected in the current experiment unless
the transition is far weaker than the 7802 keV line in Fig. 5.19 and it obscured by its
high-energy tail.
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Figure 5.21: Transitions in coincidence with the 1366 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
An angular distribution measurement was possible for the 5048 keV transition and the
fit is shown in Fig. 5.22. The trend of increasing intensity with angle indicates a ∆J = ±1
transition, limiting the possible spins to 3 or 5. However, as Glatz et al. [63] reported
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a decay from this state to a Jpi = 2+ state, the level detected cannot have J = 5. As a
transition to a (Jpi = 5+) state was also observed and an M2 transition is unlikely to be
observed in this experiment, the only possible spin and parity combination for the 10764.2
keV state is 3+. As this state has unnatural parity, it would not have a contribution to the
22Ne(α, γ)26Mg reaction rate.
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Figure 5.22: Angular distribution fit for the 5048 keV transition from the 10764.2 keV
state in 26Mg.
5.3.9 The 10823.1 keV Level (Er = 208.3 keV)
A transition was observed at Eγ = 5346 keV in coincidence with 1157 keV γ rays from
the 5476.6 keV state (Jpi = 4+), as shown in Fig. 5.16. This decay would correspond to a
state at 10823.1 keV. Angular distribution measurements are not feasible for this transition,
but the decay pattern observed constrains the spin to values of 2 to 6. This state was
also observed by Moss et al. [40] at 10824(3) keV but no spectroscopic information was
obtained from their experiment. Lees et al. [94] report a state at Ex = 10838(24) keV with
Jpi = 2+. Although their experiment suffered from poor resolution, no other state observed
in this energy region falls within the uncertainty range assumed in Ref. [94] apart from
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the 10823.1 keV state. It is therefore tentatively assumed that the state has Jpi = 2+.
5.3.10 The 10877.6 keV Level (Er = 262.8 keV)
A peak at 1061 keV was observed in coincidence with the 1366 keV decay from the
5715.0 keV state (Jpi = 4+), as shown in Fig. 5.21. Although angular distribution measure-
ment is not possible for this transition, the decay pattern observed constrains the possible
spin and parity to Jpi = 2+, 3, 4, 6+. This is believed to be the state observed by Moss et al.
[40] at 10881(3) for which no spectroscopic information was available before the current
measurement.
5.3.11 The 10895.6 keV Level (Er = 280.8 keV)
The excited state at Ex = 10895.6 keV was observed to decay via three different tran-
sitions: a 3498 keV γ ray to the 7396.2 keV state (Jpi = 5+) (Fig. 5.12), a 6546 γ ray to the
4350.2 keV state (Jpi = 3+) (Fig. 5.13), and a 6956 γ ray to the 3941.4 keV state (Jpi = 3+)
(Fig. 5.23). This measurement agrees with the state observed in Ref. [40] at 10893(3) keV.
Angular distribution measurements are not possible for any of these transitions. However,
the decay pattern of this state constrains its spin and parity to Jpi = 3+, 4, 5+.
5.3.12 The 10913.0 keV Level (Er = 298.2 keV)
The 10913 keV state is observed via its 6593 keV decay to th 4319.1(2) keV state
(Jpi = 4+), as shown in the coincidence spectrum with the 2510 keV transition in Fig.
5.18. This measurement is in agreement with the state reported by Moss et al. [40] at
10915(3). The angular distribution fit for the 6593 keV peak, shown in Fig. 5.24, indicates
a ∆J = ±2, constraining the possible spin and parity for the state to Jpi = 2+, 6+, identifying
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Figure 5.23: Transitions in coincidence with the 1004 keV line in 26Mg in the energy
region of astrophysical importance. Transitions from possible resonant states are marked
in red with their resonance energies in brackets.
it as a natural parity state.
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Figure 5.24: Angular distribution fit for the 6593 keV transition from the 10913 keV state
in 26Mg.
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5.3.13 The 10944 keV Level (Er = 329.4 keV)
The 10944 keV state was observed through its 1774 keV decay to the 9169 keV state
(Jpi = 6−) (Fig. 5.8). This transition was also observed by Glatz et al [63], as well as
another transition from the same state to the 8625 keV state (Jpi = 5−). The possible spin
and parity combinations for this state are Jpi = 5−, 6+, 7−.
5.3.14 The 10998 keV Level (Er = 382.4 keV)
The 10998 keV excited state was observed in the current work through decays of 3600
keV to the 7396 keV state (Jpi = 5+) (Fig. 5.12), and 8059 keV to the 2938 keV state
(Jpi = 2+) (Fig. 5.19). A level at 10998(3) keV was also reported by Moss et al. [40].
Due to the decay pattern of this state observed in the current work, its spin and parity are
constrained to Jpi = 3+, 4+.
5.3.15 The 11018.5 keV Level (Er = 403.7 keV)
The 6666 keV γ decay to the 4350 keV state (Jpi = 3+) and the 7078 keV γ decay
to the 3941 keV state (Jpi = 3+), shown in Fig. 5.13 and 5.23, respectively, correspond
to a state at 11018.5(25) keV. This state has also been reported by Moss et al. [40] at
Ex = 11017(3) keV. Due to its observed decay to 3+ states, its spin and parity can be
constrained to Jpi = 2+, 3, 4, 5+. Another transition which could have potentially originated
from this state is part of the doublet shown in Fig. 5.16 at 5542 keV to the 5476.6 keV
state (Jpi = 4+). However, as it it not clear whether the peak in the spectrum corresponds
to one or two transitions, and it shape cannot be clearly fit by Gaussian fits, this transition
is not included in Table 5.2.
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5.3.16 The 11081.1 keV Level (Er = 466 keV)
A state was observed at 11081.1 keV through its 6761 keV decay to the 4319 keV state
(Jpi = 4+), as shown in Fig. 5.18. The angular distribution fit for this transition, presented
in Fig. 5.25, indicates a ∆J = ±2 transition, limiting the possible Jpi values for this state
to 2+ and 6+. However, this state was also observed by Talwar et al. [99] at 11085(8) keV,
and assigned Jpi = 2+ or 3−. Therefore, with the current measurement, the spin and parity
of this state are determined to be 2+, thus identifying another natural parity state in the
energy of astrophysical interest.
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Figure 5.25: Angular distribution fit for the 6761 keV transition from the 11081.1 keV
state in 26Mg.
5.3.17 Unobserved States
A small number of states in the astrophysical region of interest remain undetected in
the current experiment. This was expected prior to the experiment due to the fact that the
conditions through which the excited states in the 26Mg nucleus are populated preferen-
tially populate high-spin states. Therefore, although a number of 2+ states were observed
in the current work, J = 0 and 1 states are not likely to be populated. Indeed, none of the
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J = 0, 1 states listed in the compilation in Ref. [41] were observed in the experiment. To
detect J = 1 states, a photon scattering experiment [98] has previously been performed us-
ing the polarimetry setup at the Triangle Universities Nuclear Laboratory [104]. The levels
at 10647.3(8) keV (Jpi = 1+), 10805.7(7) (Jpi = 1−) and 10949.1(8) keV (Jpi = 1−) were
observed by Longland et al. [98]. It is unlikely that other J = 1 states remain unidentified
due to the excellent resolution in the photon scattering experiment.
The state observed by Moss et al. [40] at 10678(3) keV was not observed in the present
experiment. In Ref. [40], it is noted that this state could have been observed by Lees et
al. [94] at 10680(34) keV. However, due to the large uncertainty in the excitation energy
reported and the Jpi = 4+ assignment, it is plausible that Lees et al. [94] detected the state
at 10696.2(20) keV (Jpi = 4+). No indication of a state at 10678 keV was present in the
current experiment. This state would also not contribute significantly to the reaction rate
as its proximity to the α-emission threshold would yield a negligibly small penetrability
factor.
Moss et al. [40] reported an excited state at 10715(3) keV. They did not, however,
observe the state detected in the current work at 10709.5(9) keV, and the uncertainty re-
gions of these two measurements are fairly close so it is possible that this is the same
state. Walkiewicz et al. [97] observed a state at 10718.75(9) keV although not reporting
the states at 10703 keV, 10710 keV and 10725 keV. This measurement is not shown in a
spectrum and it is therefore difficult to judge whether the energy they reported is due to
multiple states overlapping in the measurement.
The 10927 keV, 10978 keV and 11048 keV states reported by Moss et al. were also
not observed in the current experiment. A possible interpretation is that these were poorly
populated in comparison to other peaks in the dense energy region and γ-rays from them
could not be discerned between bigger peaks in the spectra. Additionally, the region of
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the 1366 keV coincidence spectrum in Fig. 5.21 marked as (5355) is not included in the
results due to its uncharacteristic shape and broadness. Although Gaussian peaks could
not be fitted, it is possible that these are in fact two peaks at energies 5332 and 5372 keV
that would correspond to the 11048 keV and 11081 keV states, respectively. However,
evidence is insufficient to make a firm assignment. An additional potential transition from
the 11048 keV energy level was observed at 5570 keV to the 5476.6 keV state (Jpi = 4+)
as part of a doublet. However, due to the low number of counts in that peak and its
non-characteristic shape, such an assignment cannot be conclusively made based on the
available data.
5.4 Implications for the 22Ne(α, γ)26Mg Reaction Rate
The most recent comprehensive evaluation of the 22Ne(α, γ)26Mg reaction rate was per-
formed by Longland et al. [39]. It is possible for states just above the neutron separation
to have a contribution to the reaction rate and these are included in Ref. [39]. However,
these states would have a smaller contribution at temperatures below 0.3 GK where it is
vital to establish the ratio between the 22Ne(α, γ)26Mg and 22Ne(α, n)25Mg reactions and
whether the (α, γ) reaction depletes the neon fuel before the (α, n) reaction is ignited. This
temperature dependence is due to the exponential term in Eqn. 2.37. In the rate evalua-
tion by Longland et al. [39] it was predicted that the states below the neutron emission
threshold not included in the rate calculation could increase the rate of the 22Ne(α, γ)26Mg
reaction by up to a factor of 30 at temperatures between T = 0.1 and 0.2 GK.
To estimate the contribution of resonant states observed in this work as a function of
temperature, Eqn. 2.37 is used. Is should be noted that, although this γ-ray spectroscopy
study provides information valuable for the estimation of the rate contribution of reso-
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nances, a number of properties of the states observed is not known. Most importantly, for
a number of the states, a definite spin-parity assignment could not be made. As states of
non-natural parity would have no contribution to the reaction rate, their possible contribu-
tion would range between zero and their maximum estimated contribution. The resonance
strength for states that contribute to the rate is dependent on their γ-ray and α-particle
partial width. However, as Γα is more than 10 orders of magnitude smaller than Γγ for all
states investigated in this study, it can be assumed that ΓαΓγ/Γ ≈ Γα. The α partial width
and therefore the contribution of the state would greatly vary due to the penetrability, Pl
associated with their energy and spin. The penetrability factors for each state with a certain
spin was calculated following the formalism outlined in Ref. [10] and it was used to esti-
mate Γsp. The dimentionless reduced width, θ2pc was assumed to be 1 for consistency with
the comparison with the calculations in Ref. [39]. The upper limit for the single-particle
spectroscopic factor in this calculation was assumed to be 0.1. For a lower limit, the value
of 0.018 was assumed as recommended in Ref. [66]. It should be noted that this lower
limit is assumed for natural parity states. The lower limit of the contribution of potentially
non-natural parity states is zero.
Figure 5.26 presents the individual contribution of the states observed in the current
work. For the states where a definite spin-parity is not available, this experiment has
limited the possible assignment and in Fig. 5.26 their maximum contribution is presented.
Resonances below Er = 190 keV are not shown as their contribution is negligible. The
states closest to the neutron separation energy affect the reaction rate most significantly
as the value of the penetrability factor, Pl, would be greater as the energy increases over
the α-emission threshold. The Jpi = 1− resonance at Er = 334 keV also contributes to
the rate. However, for temperatures exceeding 0.2 GK, the 467 keV resonance (Jpi = 2+ )
dominates the rate.
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Figure 5.26: Rate contributions to the 22Ne(α, γ)26Mg reaction rate of the states observed
with the highest possible contribution. The resonance energies of these states is marked
on the right. Contributions for states with Jpi = 1−, 2+, 4+ and 5− are plotted in red, blue,
green and purple, respectively.
Figure 5.27 presents a comparison of the contribution of the states observed in this
work to previous rate evaluations for the 22Ne(α, γ)26Mg reaction. Is should be noted that
as the current rate calculation does not include the contribution of states above S n, the
contribution drops in comparison to the other evaluations as temperature increases. The
effects of resonant states at higher energies should be further considered alongside contri-
bution of states observed in the present work. At lower energies the contribution of states
observed is considerably higher than the rate estimated by Longland et al. [39]. However,
the rate is comparable to the NACRE evaluation [46] and lower than the rate predicted
by Talwar et al. [99]. Although a smaller number of resonant states was considered in
the NACRE evaluation [46], the experimental data considered in their work assumed the
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incorrect spin-parity assignment for the ER = 338 keV resonance, which accounts for the
reaction rate increase although less resonance were considered. It is likely that the pre-
diction of α-cluster states by Talwar et al. [99] and their corresponding strength add to a
greater contribution that the majority of states observed in this work. However, it should
be noted that due to the uncertainty in energy for the state reported at 10951(21) keV and
the high level density in the region of interest, there is also possibility that this state may
not the Jpi = 1− state reported in Ref. [98]. This could affect the contribution of the state
observed by Talwar et al. [99].
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Figure 5.27: Comparison of reaction rates calculated in References [39, 46, 99] to the
current work. Rate presented for states observed in this experiment does not include
contributions from states above the neutron separation energy.
Figure 5.28 presents a ratio of the rate contribution of the states observed in this experi-
ment and the previously measured Jpi = 1− resonances to the rate calculated by Longland et
al. [39]. The red line represents the ratio for the maximum predicted rate for the observed
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states, assuming the spin and parity combination that would yield the highest contribution
to the rate. The green line is the ratio assuming a minimum rate. For this rate, smaller
S α values were assumed and states which could have unnatural parity are excluded. The
blue line represents the ratio of the current rate evaluation to the evaluation by Longland
et al. [39], assuming a recommended rate. In this case, spins and parities are assumed that
vary throughout the region as opposed to assuming the lowest spin with natural parity. It
can be seen from Fig. 5.28 that even assuming minimum rate contribution from the newly
observed states, the rate of the 22Ne(α, γ)26Mg reaction is still increased at temperatures
before the (α, n) reaction is not yet ignited. The increase is far more significant assuming
a maximum rate.
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Figure 5.28: Comparison of calculated rate to most recent evaluation. Red, blue and
green indicate the maximum, recommended and minimum calculated rate, respectively,
vs. the rate calculated in Ref. [39]
Although the resonant states for these states need to be experimentally measured to
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be able to precisely evaluate the rate of the 22Ne(α, γ)26Mg reaction, it is vital to gain
more spectroscopic information through indirect measurements such as the current exper-
iment. Gamma-ray spectroscopy studies allow for predicting the feasibility and aiding
direct measurements and studies through transfer reactions. The current experiment has
identified the 11081 keV state (Er = 466 keV) as potentially dominating the rate at tem-
peratures of astrophysical significance. Using this result, a (d, p) measurement has already
been performed utilising the TIARA array [105] at the Cyclotron Facility at Texas A&M
University [106] aiming to measure the strength of this resonance and to accurately deter-
mine its contribution to the 22Ne(α, γ)26Mg reaction rate.
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Chapter 6
Level Structure of 35Ar and the
34Cl(p, γ)35Ar reaction rate
The 34Cl(p, γ)35Ar reaction rate is important for studying classical novae as it affects
the abundance of the astrophysically important 34S nucleus in this environment. Only a rate
based on a statistical model of captures on the ground state of 34Cl is currently available.
However, a number of proton-unbound states have been observed recently [51] that can
significantly affect the reaction rate. In this thesis work, we performed a detailed γ-ray
spectroscopy study of 35Ar aimed to probe the states observed in Ref. [51], as well as
provide additional information on their properties.
As the results presented in this thesis work include information not observed in any
previous experimental work, it is important to discuss the techniques used in previous
studies in order to understand how different studies build on each other.
134
6.1. PREVIOUS STUDIES OF 35AR Chapter 6
6.1 Previous Studies of 35Ar
The first investigations of states above the proton threshold in 35Ar were performed
via (p, d) reactions by Kozub [107] and Johnson et al. [108]. Johnson et al. [108]
utilised the FFAC cyclotron at University of Colorado’s Nuclear Physics Laboratory to
generate a beam of protons to study excitation energies and angular momentum transfers
using DWBA analysis [61]. They measured three states above S p at excitation energies
6.03±0.02, 6.70±0.02 and 7.03±0.02 MeV. Kozub [107] investigated the (p, d) reaction
on N = Z nuclei in the 2s − 1d shell in order to obtain spectroscopic information. The
experiment was performed at Michigan State University where a cyclotron was used to
obtain 33.6 MeV protons. They detected three states above the proton threshold at excita-
tion energies of 6.01±0.03, 6.62±0.03 and 6.82±0.03 MeV. The 6.03±0.02 and 6.01±0.03
MeV states observed in References [108] and [107], respectively are assumed to be the
same state with average energy 6026±20 keV in the Nuclear Data Sheets [50].
A further neutron pick-up experiment was performed by Betts et al. [109] through the
36Ar(3He, α)35Ar reaction. The beam of 3He++ at 18 MeV was produced by a Van de Graaff
accelerator at the University of Pennsylvania. Betts et al. [109] detected all the proton-
unbound states observed by Kozub [107] and Johnson et al. [108] as well as a number of
additional states up to 8.02 MeV. A Jpi assignment of 1/2+ was made for a state at 6631
keV. Although this experiment detected a number of states in the astrophysical region of
interest, the energy resolution of 35 keV limits the information available to estimate a
reliable reaction rate.
Additional interest was sparked in 35Ar as it was shown that a small part of the nucleon-
nucleon interaction adds to the Coulomb force in violating isospin symmetry [110]. A
comparison with its mirror nucleus 35Cl [41] reveals a very large mirror energy difference
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(MED) for 13/2−, as well as a dramatic difference in decay patterns of 7/2−. The inves-
tigation of MEDs is important for checking the validity of isospin symmetry for different
masses. Ekman et al. [111] investigated these unusual isospin-breaking effects and the de-
cay patterns of excited states in 35Ar and 35Cl in a fusion evaporation reaction at Legnaro
National Laboratory. A spectrum of 35Ar obtained from the 16O(24Mg,1α1n)35Ar from
Ref. [111] is shown in Fig. 6.1. In this experiment the decay patterns of states up to 5766
Figure 6.1: Gamma-ray transitions from excited states in 35Ar as observed in Ref. [111].
keV are observed and tentative spins and parities for these are made. The level energies
of the A = 35 mirror nuclei are generally very similar. However, the γ-ray energies of the
13/2− → 11/2− transitions differ by almost 300 keV, resulting in a dramatic decrease of
MED at Jpi = 13/2−. These MEDs are compared to differences for other mirror pairs in
Fig. 6.2 [112]. Ekman et al. [112] predicts that this is due to these being “single-particle”
states from coupling a neutron or proton to a 34Cl “core”. Their calculation also results
in small MED values for other negative parity states for which the occupancy of the 1f7/2
orbital is nearly equal for neutrons and protons. The second difference comes from the
decay pattern of 7/2− states. This effect had never before been observed in mirror nuclei
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Figure 6.2: Experimental and calculated MED values for A = 35, A = 51 and A = 61
[112].
and although isospin mixing is predicted to be the its cause in Ref. [111], the asymmetry
has not been reproduced theoretically.
Another fusion evaporation study was performed at Legnaro National Laboratory by
Della Vedova et al. [88], this time with a 24Mg target an 16O beam. This study added nine
new transitions and five new high-spin states to the level scheme of 35Ar constructed in
Ref. [112], extending it up to a 23/2− state at 12.3 MeV. Spins and parities for the new
levels were assigned on the basis of transition multipolarities deduced from the intensities
137
6.1. PREVIOUS STUDIES OF 35AR Chapter 6
of the γ rays detected at different angles. The level schemes for the two mirror nuclei
studied are shown in Fig. 6.3.
Figure 6.3: Level schemes for the mirror nuclei 35Ar and 35Cl (Figure from [88]).
One interesting feature that emerges from the comparison of the two nuclei is the ab-
sence of the high-spin positive-parity structure in 35Ar which is shown in grey for 35Cl.
Della Vedova et al. [88] note that the E1 transitions linking this structure to the negative-
parity states (1336, 1946 and 2466 keV) have also not been detected in 35Ar. Another
interesting feature of the comparison of the mirror pair in Ref. [88] is that the observed
mirror energy differences remain large for the high spin states added to the level scheme.
Although this thesis work concentrates on states that could contribute to the reaction rate,
the high spin states observed in Ref. [88] could be populated as well, allowing a confir-
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mation of their excitation energies, spins and parities and their decay patterns. These will
be discussed in Section 6.2.
A study that addresses the lack of experimental data required to constrain the rate of
the 34Cl(p, γ)35Ar was recently published by Fry et al. [51]. Excited states in 35Ar were
populated by the 36Ar(d, t)35Ar reaction at E(d) = 22 MeV and reaction products were
analysed by a high-resolution magnetic spectrometer. Seventeen new levels in 35Ar were
detected in the astrophysically significant region Ex ≈ 5.9 − 6.7 MeV. The five previously
known levels observed by Kozub [107] and Johnson et al. [108] were observed by Fry
et al. [51] and their uncertainties were substantially reduced. In Ref. [51], the number
of excited states was compared to level density predictions in the shell model and it was
concluded that most of the resonances in the region of astrophysical interest have been
discovered and their energies determined. However, their resonance strengths remain still
unknown and experimentally constraining the 34g,mCl(p, γ)35Ar reaction rates require fur-
ther experiments.
The experiment performed in this work aims to consolidate the results on 35Ar from
the experiments by Della Vedova et al. [88] and Fry et al. [51], as well as to provide
additional spectroscopic information on resonant states that could aid the evaluation of the
34g,mCl(p, γ)35Ar reaction rate.
6.2 Sub-Threshold and Non-Resonant States in 35Ar
Table 6.1 presents a summary of the level energies, spins and γ-ray energies for ob-
served low-lying excited states and non-resonant states for the 34g,mCl(p, γ)35Ar reaction
states in 35Ar, together with a comparison with previous results. The intensities of the
observed γ-ray transitions, Iγ, relative to the 1751 keV γ-ray are also presented All tran-
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sitions from non-resonant states observed are presented in coincidence spectra in Fig. 6.4
and 6.5. The 2603 keV and 3197 keV transitions are not in the spectrum in Fig. 6.4 as
they are not coincident with γ rays at 1751 keV. However, they are observed in coincidence
with the strong 2187 keV line, as shown in Fig. 6.5.
Table 6.1: Observed transitions from non-resonant states and high-spin states in 35Ar in
this work.
Ex([50]) Ref. Ex (present) Eγ a2/a4 Jpi Iγ (%)
(keV) (keV) (keV)
1750.7(3) [109, 113, 112, 88] 1751.1(1) 1751.1(1) 5/2+ 100
2603.1(5) [107, 113, 112, 88] 2603.3(4) 2603.1(5) 7/2+ 33(4)
852.9(9) -0.8(1)/0.3(2) 12(2)
3197.9(4) [107, 108, 109, 113, 112, 88] 3197.0(3) 593.3(3) 7/2− 29(2)
1445.9(4) -0.30(3)/0.13(4) 51(1)
3197(1) 9(1)
4358.8(8) [109, 113, 112, 88] 4359.1(4) 1161.7(3) 9/2− 12.1(1)
1756.2(8) 22(3)
5384.2(6) [107, 109, 113, 112, 88] 5384.1(4) 1025.2(4) 11/2− 7(1)
2186.6(6) 0.8(1)/0.6(1) 31(2)
5765.8(6) [112, 88] 5765.8(4) 381.6(2) -0.28(4)/0.05(4) 13/2− 14.6(6)
1406.9(5) 0.34(9)/0.16(12) 8.9(9)
5834.7(8) 1476.2(5) 11/2− 9(1)
2636(2) 5(2)
8109.2(12) [88] 8108.3(6) 2342.4(6) -0.3(2)/0.1(3) 15/2− 12(2)
2724.3(8) 8(1)
8212.1(10) [88] 8212.4(6) 2446.3(6) 15/2− 7(2)
2828.7(8) 15(2)
9905.5(21) [88] 9905.0(5) 1693.0(4) 19/2− 10(2)
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Table 6.1: Observed transitions from non-resonant states and high-spin states in 35Ar in
this work.
Ex([50]) Ref. Ex (present) Eγ a2/a4 Jpi Iγ (%)
(keV) (keV) (keV)
1796.1(5) 7(1)
12276.4(33) [88] 12275.8(9) 2370.8(7) 0.32(15)/-0.24(18) 23/2− 16(2)
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Figure 6.4: Transitions in coincidence with 1751 keV γ rays.
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Figure 6.5: Transitions in coincidence with 2187 keV γ rays.
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These results are in excellent agreement with previous measurements outlined in Table
6.1. In particular, the current work confirms the energies of high spin states that were only
observed in the study by Della Vedova et al. [88]. Only a single transition reported in Ref.
[88] was not clearly observed in the present work, namely the 1255 keV line from a state
at Ex = 5614 keV (Jpi = 13/2−). There is possible evidence for its existence in the single
γ-ray spectrum, as shown in Fig. 6.6. However, a gate on this transition does not reveal
any clear coincidences with other transitions in 35Ar. In fact, this transition is not clear in
the spectrum presented in Ref. [88] due to a contaminant line from 31P at the same energy.
The 1255 keV transition assumed to be from the 5614 keV state in 35Ar in Ref. [88] was
observed in the relevant evaporation channel in coincidence with the 1446 and 1756 keV
transitions. In the present work it is not possible to make a clear gate on the 1756 keV
transition as it overlaps with the strongest line in the total γ-ray spectrum for 35Ar at 1751
keV. The energy of the 1756 keV transition presented in Table 5.1 was obtained by fitting
the 1756 keV peak in the 2603 keV and 1751 keV gates. The 1255 keV transition is not
present in the coincidence with the 1446 keV nor with the 1162 keV transition from the
state at 4359 keV to which the 1255 keV transition reported by Della Vedova et al. [88]
(see Fig. 6.6).
Due to the contamination from the 1255 keV line from 31P nucleus the probability of
the 1255 keV transition observed in the coincidence spectrum Ref. [88] also originating
from 31P cannot be excluded. Due to its low observed intensity there is a chance that the
line was observed due to few random coincidences of the strong 31P transition with γ rays
from 35Ar. Additionally, no significant energy differences have been observed between the
transitions from other 11/2− states in 35Ar and 35Cl. Yet, the 1579 keV transition in 35Cl
which is the mirror transition to the one at 1255 keV in 35Ar is observed both in Ref. [88]
and in the present work, while the 1255 keV transition is very weak in Ref. [88] and not
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Figure 6.6: Spectra in which the 1255 keV line was expected to be observed according to
Ref. [88].
present in this work. Della Vedova et al. reported additional transitions in 35Cl observed in
the same experiment in a separate publication [114] as they were not relevant to the mirror
comparison in Ref. [88], and reported an additional transition from this state in 35Cl to the
3163 keV state at energy Eγ = 2764 keV.
In this experiment, a previously unreported transition at 1476 keV was observed in
coincidence with the 1162 keV transition from the 4359 keV. As it is not coincident with
any transitions from higher lying states in 35Ar, it is assigned to a new excited state at
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5835 keV. A comparison between the intensity of this transition and that of the 1025 keV
transition in the 1162 keV gate in 35Ar is presented in Fig. 6.7 along with the transition
in the mirror at 1060 keV, equivalent to 1025 keV, and the 1579 keV transition from the
5927 keV state. An additional transition at 2636 keV was observed in the present work in
coincidence with the 1446 keV transition from the 3197 keV state that also corresponds
to a state at 5835 keV which could be the mirror equivalent to the 2764 keV transition
reported in Ref. [114].
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Figure 6.7: Comparison of the intensity of the 1025 keV and 1476 keV transitions in
coincidence with the 1162 keV transition in 35Ar (top panel, marked in red) and their
equivalent transitions in mirror nucleus 35Cl (bottom panel, marked in red).
Unlike the first experiment presented in this thesis work, the study of levels in 35Ar
presents a greater challenge in constraining spins and parities through angular distribu-
tions. The level of statistics available for transitions in 35Ar was not sufficient to clearly
observe a number of transitions at all detector angles. In other cases, peaks were over-
144
6.3. RESONANT STATES IN 35AR Chapter 6
lapping and fitting separate Gaussians around each peak provided too big an ambiguity in
angular distribution fits. The angular distribution measurements that were possible for the
states presented in Table 6.1 are shown in Figures 6.8 and 6.9.
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Figure 6.8: Angular distribution fits for γ-ray transitions in 35Ar - (a) 853 keV transition
from 2603 keV state, (b) 1446 keV transition from 3197 keV state, (c) 2187 keV
transition from 5384 keV state, (d) 382 keV transition from 5766 keV state.
6.3 Resonant States in 35Ar
In the present work, the energy region in 35Ar above the proton emission threshold is
probed for resonant states that could significantly affect the astrophysical 34g,mCl(p, γ)35Ar
reaction. A number of proton-unbound states have been reported in Ref. [51] but no spec-
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Figure 6.9: Angular distribution fits for γ-ray transitions in 35Ar - (a) 1407 keV transition
from 5766 keV state, (b) 2342 keV transition from 8109 keV state, (c) 2371 keV
transition from 12276 keV state.
troscopic information is available for them to suggest their contribution to the reaction
rates. In this thesis work, proton-unbound states in 35Ar were populated in a heavy-ion fu-
sion evaporation reaction, which strongly favours the population of high-spin states above
the threshold. The γ rays emitted from these excited states were detected with the state-of-
the-art γ-ray spectroscopy tool GAMMASPHERE which provides high energy resolution.
Table 6.2 presents a summary of the level energies, their possible spins and γ-ray
energies for observed proton-unbound excited states in 35Ar, together with a comparison
of the states observed by Fry et al. [51]. The coincidence spectra in which transitions from
the states of astrophysical interest are detected are shown in Figures 6.11, 6.12, 6.13 and
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6.14. In addition, the updated 35Ar level scheme including the proton-unbound excited
states and their decay patterns observed is displayed in Fig. 6.10.
Table 6.2: Observed states in 35Ar in the astrophysical region of interest with their
measured γ-ray energies, proposed spin-parity constraints and resonant energies.
Ex (keV) Ex (keV) Eγ (keV) Er (keV) Er (keV) Jpi Iγ (%)
([51]) (present) 34gCl(p, γ)35Ar 34mCl(p, γ)35Ar
5913(5)∗ unobserved 27(5)
5943(3) 2741(3) 47(3) 5/2 - 11/2− 0.04(3)
5991(3) 5984(3) 2787(3) 88(3) 5/2 - 11/2− 0.02(1)
6037(3)∗ 6036(2) 2838(2) 140(2) 5/2+ 0.04(3)
3436(3) 0.02(1)
6055(3) (6059(3)) (3456(3)) 163(3) 17(3) 5/2 - 11/2+ 0.01(1)
6076(3) unobserved 180(3) 12(3)
6093(3) 2896(3) 197(3) 51(3) 5/2 - 11/2− 0.02(2)
6164(3)∗ 6171(2) 1812(2) 275(2) 129(2) 5/2− - 13/2− 0.7(3)
6253(3)∗ (6244(3)) (3641(3)) 348(3) 202(3) 5/2 - 11/2+ 0.01(2)
6273(3) unobserved 376(3) 230(3)
6302(3) (6315(3)) 3712(3) 419(3) 273(3) 5/2 - 11/2+ 0.04(2)
6332(3) unobserved 436(3) 289(3)
6345(3) (6353(3)) (3160(3)) 458(3) 312(3) 5/2 - 11/2− 0.04(2)
6415(2) unobserved 518(2) 372(2)
6439(4)∗∗ unobserved 543(4) 397(4)
6523(3) 6520(2) 1136(1) 624(2) 478(2) 11/2− 0.1(3)
2162(2) 0.08(3)
3322(2) 0.06(3)
6557(3) 6559(3) 3358(3) 663(3) 517(3) 5/2 - 9/2 0.04(3)
(3959(3)) 0.02(2)
6585(3) unobserved 689(3) 543(3)
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Table 6.2: Observed states in 35Ar in the astrophysical region of interest with their
measured γ-ray energies, proposed spin-parity constraints and resonant energies.
Ex (keV) Ex (keV) Eγ (keV) Er (keV) Er (keV) Jpi Iγ (%)
([51]) (present) 34gCl(p, γ)35Ar 34mCl(p, γ)35Ar
6606(3) unobserved 710(3) 563(3)
6617(2)∗ unobserved 721(2) 575(2)
6644(3) unobserved 748(3) 601(3)
6651(3) unobserved 755(3) 609(3)
6672(2)∗ unobserved 776(3) 630(3)
∗ Observed in studies previous to Fry et al. [51]
6.3.1 6036 keV and 6559 keV States
Gamma rays corresponding to transitions from the 6036 keV and 6559 keV states were
observed to decay to the 3197 keV (Jpi = 7/2−) and 2603 keV (Jpi = 7/2+). The energies
of these states agree with the states reported in Ref. [51] at 6037(3) and 6559(3) keV,
respectively. Statistics are not sufficient to perform angular distribution measurements
on these transitions. However, as both of these states decay to one 7/2− and one 7/2+
state, and M2 transitions above the proton threshold care not expected, the possibility of
these transitions coming from J = 11/2 states can be ruled out. Due to the nature of
the mechanism through which these states are populated, we are not expecting to observe
any 3/2 states either. Indeed, none of the low-spin states listed in Ref. [50] have been
clearly observed in the present work. These were not likely to be populated in the previous
fusion evaporation studies [112, 88] and are not present in their spectra. A small peak
can be seen in the γ-ray singles spectra at 1185 keV which is likely to correspond to a
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Figure 6.10: Level scheme with data from present work showing relative positions and
γ-decay branches of proton-unbound states in 35Ar.
known Jpi = 1/2+ state [50]. However, no transitions are observed in coincidence with
it suggesting that further low-spin states that could be feeding it are not populated in this
experiment. Therefore, for states observed in this work, the possibility of having a spin
of 3/2 will be excluded. The possible spin assignments that could be made for the 6036
keV and 6559 keV states are thus constrained to 5/2 and 7/2. However, as the 6036 keV
state has been observed by both Kozub [107] and Johnson et al. [108], and in both of these
studies Jpi = 3/2+, 5/2+ has been suggested, the 6036 keV state is assigned Jpi = 5/2+.
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Figure 6.11: Transitions in coincidence with 1446 keV line in 35Ar in the energy region
of astrophysical importance. Transitions from possible resonant states are marked in red.
6.3.2 6520 keV State
The 6520 keV state appears to be strongly populated in this experiment in comparison
to the other states in the region of interest. In fact, three transitions have been observed
to decay from this state to the 5384 keV (Jpi = 11/2−), 4359 keV (Jpi = 9/2−) and 3197
keV (Jpi = 7/2−) state at energies of 1136, 2161 and 3323 keV, respectively. These lines
are shown in Figures 6.11, 6.13 and 6.14. The energy of the state observed is in excellent
agreement with the measurement by Fry et al. [51].
Interestingly, all three of the transitions from the 6520 keV transitions are in coinci-
dence with the 1693 keV from the 9905 keV state. Additionally, the 1693 keV transition
appears to be in strong coincidence with itself as shown in Fig. 6.15 and its observed in-
tensity in this experiment is higher than expected. We therefore suggest that there are two
transitions at 1693 keV - one from the 9905 keV state as previously measured by Della
Vedova et al. [88], and one from the 8212 keV state to the 6520 keV state, as shown in
Fig. 6.10. The only possible spin parity assignment for the 6520 keV state is (Jpi = 11/2−),
which is in agreement with the fact that high spin states would be preferentially populated
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Figure 6.12: Transitions in coincidence with 2603 keV line in 35Ar in the energy region
of astrophysical importance. Transitions from possible resonant states are marked in red.
Assignments based on all of the highlighted transitions, apart from 3712 keV, are
tentative due to low statistics.
in the reaction mechanism chosen for this experiment.
6.3.3 5984 keV and 6353 keV States
The 5984 keV and 6353 keV states were only observed through their decays to the
3197 keV (Jpi = 7/2−) state at γ-ray energies of 2784 keV and 3160 keV respectively,
which are shown in Fig. 6.11. The assignment of the 6353 keV state is tentative, as the
3160 keV γ ray is of similar energy to that of a strong transition in 35Cl. However, as there
are no other contaminant lines from this nucleus in this spectrum, this transition is believed
to be from 35Ar and has been added to the states presented in Table 6.2. The energies of
these states do not match those reported in Ref. [51], although they are similar. As all
the known transitions from excited states do not appear to be exhibiting a drift in energy,
this issue cannot be attributed to problems with the energy calibration. Additionally, as
one of the states is at a lower energy than measured in Ref. [51], while the other state
appears higher than the previous measurement, no systematic error in the measurement
151
6.3. RESONANT STATES IN 35AR Chapter 6
450
350
250
150
50
900 1000 1100 1200 1300 1400 1500
C
ou
nt
s
Eγ [keV]
2187 keV gate
11
36
14
46
Figure 6.13: Transitions in coincidence with 2187 keV line in 35Ar in the energy region
of astrophysical importance. Transitions from possible resonant states are marked in red.
can be found. Both of these transitions are measured weakly in the current experiment
and therefore improved statistics would provide a clearer Gaussian shape of the peaks
which could improve the energy measurement. The discrepancy could also be attributed
to the broad peaks in the data presented in Ref. [51], as shown in Fig. 6.16 which implies
that even a small shift in the fit parameters could change the energy of the peak in their
spectra, which is particularly vital for the 6345 keV state they have measured as it overlaps
significantly with the 6332 keV state.
No definite spin-parity assignments can be made for these states. However, as they
decay to a state with Jpi = 7/2−, a Jpi = 11/2+ assignment for these states is highly
unlikely. Therefore the possible spins are constrained to 5/2, 9/2 or 11/2−.
6.3.4 5943 keV and 6093 keV States
The 5943 keV and 6093 keV states have only been observed to decay to the 3197
keV state (Jpi = 7/2−), similarly to the 5984 keV and 6353 keV states. They have been
detected in coincidence with 1446 keV γ rays by transitions of 2741 keV and 2896 keV,
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Figure 6.14: Transitions in coincidence with 1162 keV line in 35Ar in the energy region
of astrophysical importance. Transitions from possible resonant states are marked in red.
respectively, as shown in Fig. 6.11. Therefore, their possible spins are constrained to
5/2, 9/2 or 11/2−. However, these states do not correspond to any of the levels observed by
Fry et al. [51]. This observation is unforeseen as their publication involved a comparison
of shell model predictions of the level density in 35Ar in this energy region to the number
of states that were populated in the 36Ar(d, t)35Ar reaction. Their measured level density
was consistent with that predicted by the shell model, indicating that most of the states
in the region of interest have been discovered. There exists the probability that the states
observed in this work correspond to the 5913 keV and 6076 keV states observed in this
work and due to inconsistencies in the measured energies, they differ from those measured
by Fry et al. [51]. However, this is unlikely for the first state as the state observed in
Ref. [51] has been previously observed at 5911(10) keV [50], and this energy is not
consistent with the current measurement. Another possible explanation, despite the shell
model predictions, is that these states have remained unreported by Fry et al. [51] as they
overlapped with the 5591 and 5076 keV peaks shown in Fig. 6.16(a).
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Figure 6.15: Transitions in coincidence with 1693 keV line in 35Ar in the energy region
of astrophysical importance. Transitions from the 6520 keV state are marked in red are
marked in red.
6.3.5 6059 keV, 6244keV and 6315 keV States
The 6059 keV, 6255 keV and 6315 keV states were observed to decay to the 2603
keV state via transitions at 3456, 3641 and 3712 keV, respectively. As it can be seen from
Fig. 6.12, the 2603 keV gate allows the least statistics in the region of interest, and even
the peaks observed are not very clearly defined. Therefore, only lines with clearer shape
have been marked in this spectrum and are used in this analysis. It is possible that more
states have been populated and are decaying through the 2603 keV state. However, due
to the relatively low efficiency of the HPGe detectors at this energy, it is not possible to
detect more states without a longer experiment. The states that we have observed possibly
correspond to the 6055 keV, 6253 keV and 6302 keV states reported in Ref. [51]. How-
ever, only the 6059 keV state is within the uncertainty of the state observed by Fry et al.
[51]. The other two states are of a similar energy than those previously reported but still
inconsistent with them. In Fig. 6.16(b), a complex fit has been made to define all the close
transitions observed. It is therefore possible that the uncertainty in the energy of the peaks
observed has been underestimated. In fact, the highest data point for the 6253 keV peak is
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(a) (b)
Figure 6.16: Rebinned background subtracted triton position spectrum taken from Ref.
[51] at θlab = 54◦ for (a) the middle of the focal plane, and (b) the left edge of the focal
plane.
at a lower energy than the centroid of the fit, and the highest data point for the 6302 keV
data point is at a slightly higher energy than the centroid of the fit, which could explain the
inconsistencies in the excitation energies of these states.
As these levels decay to a (Jpi = 7/2+) state, the possible spins and parities for them
are constrained to 5/2−, 9/2 or 11/2−.
6.3.6 6171 keV state
The 6171 keV state is observed through a decay to the 4359 keV state of Eγ = 1812
keV. Although the energy of this state within the uncertainty measure only disagree with
the energy reported by Ref. [51] by 2 keV, there is still an inconsistency with the previous
measurement. As there is no systematic shift in energy, it is assumed that the most likely
source of this discrepancy are underestimated uncertainties considering the complexity of
the fits applied by Fry et al. [51]. As this state is observed to decay to a Jpi = 9/2− state,
the possible assignments for this level are 5/2−, 9/2, 11/2 or 13/2−.
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6.3.7 Unobserved States
A number of excited states reported by Fry et al. [51] were not observed in the current
work. One reason for this is that the fusion-evaporation reaction employed in this experi-
ment favourably populates high spins. Therefore, there is reason to believe that a number
of the unobserved states would be low-spin states which might have a greater contribution
to the rate. Another possibility is that some of the unobserved states were populated but
decays from them could not be clearly detected due to poor statistics. In particular, in
the 1446 keV gate, shown in Fig. 6.11, the region between the marked γ-ray transitions at
2896 keV and 3161 keV suggests that there might be a number of other lines there but they
are not defined clearly enough to be certain that they are indeed from states in the region
of interest and not background undulations. The aim of this experiment, however, was not
to observe all the states seen by Fry et al. [51]. Instead, its goal was to probe the energy
region and establish decay patterns that could be useful in the identification properties of
these states that could be relevant to the 34g,mCl(p, γ)35Ar reaction rate.
6.4 Reaction Rate Calculation
The rate of the 34g,mCl(p, γ)35Ar reactions has only been calculated via statistical mod-
els [47], which do not include the resonances measured by Fry et al. [51] and in the
present thesis work. Even with the current knowledge of the states in the region of astro-
physical importance, experimental data is still lacking for the precise determination of the
rate contribution of each resonance. This section presents an estimation for the contribu-
tion of states observed in the experiment presented. For the calculation of reaction rate
contribution, similar considerations and assumptions were taken as outlined in Section
5.4. However, the reduced dimensionless width is assumed to be 0.55 as per calculations
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preformed in Ref. [65]. The factor S is assumed to be 0.1 for negative parity states and 0.5
for positive parity states.
6.4.1 34gCl(p, γ)35Ar Reaction Rate
The contribution of individual states observed in this thesis work to the reaction rate is
presented in Fig. 6.17. The contribution of the 5943 and 5984 keV states is omitted as it is
negligible compared to other states. As the spins and parities of the majority of these states
are not fully constrained, the lowest possible spin with negative parity (5/2−) is assumed
with the exception of the 6036 and 6520 keV states as their spin parities are known.
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Figure 6.17: Calculated high rate contributions to the 34gCl(p, γ)35Ar reaction rate of the
states observed with the highest possible contribution. The resonance energies of these
states is marked on the right. Contributions in blue, green and red mark 5/2−, 5/2+ and
11/2− states, respectively.
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The 34Cl(p, γ)35Ar reaction has the biggest impact on the production of 34S at T ∼
0.418 GK [45]. At this temperature, the 419 and 458 keV resonances have the biggest
impact on the reaction rate. However, this is still dependent on an exact determination of
the reaction strengths of these resonances which is dependent on their spins and parities.
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Figure 6.18: Comparison of calculated ground state capture rate to statistical model
predictions. Red, blue and green indicate the maximum, recommended and minimum
calculated rate, respectively, vs. the statistical model predictions from Ref. [47]
Figure 6.18 presents a comparison between the statistical model calculations that are
currently available [47] and the contribution of the states observed in this work. The red
line represents the maximum possible rate, assuming all the states observed would have
spins and parities that would give the biggest possible contribution to the reaction rate,
divided by the rate given by the statistical model. The green line shows the minimum
possible contribution these states would have versus the statistical model rate. The blue
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line presents a the same ratio but for a recommended rate, meaning that the spins and
parities of the states contributed are chosen so that there is a variation in the possible
values as it is not likely that all of these states have Jpi = 5/2−. The main conclusion that
can be drawn from Fig. 6.18 is that the rate could change significantly depending on the
properties of the resonances that are still unknown. It should be noted that there are also
a number of states above 6.5 MeV that have not been observed in the present work that
could contribute to the total reaction rate. However, with the current knowledge on the
states in the region of interest, the recommended rate is a factor of 100 lower than the rate
predicted by the statistical model.
6.4.2 34mCl(p, γ)35Ar Reaction Rate
The rate contribution of resonant state in the 34mCl(p, γ)35Ar reaction will differ by sev-
eral factors from the rate of the ground state capture reaction. Firstly, the resonant energies
of the states are lower by the energy of the isomer state in 34Cl. Therefore, the 5943 keV,
6984 keV and 6036 keV states cannot be resonant as they lie below the threshold for this
reaction. This shift in resonance energies ultimately results in the significant reduction of
the penetrability factor for the resonances. However, Pl is highly dependent on the angular
momentum transfer required for the resonance which is lower for proton capture on the
isomer, which has Jpi = 3+. Considering these factors, 7/2+ states would have the greatest
contribution to the 34mCl(p, γ)35Ar reaction rate. The maximum possible individual con-
tributions for states observed in the current work are shown in Fig. 6.19. The 6059 keV
(Er = 17 keV) and 6093 keV (Er = 51 keV) states have been omitted as their contribu-
tions are negligible. Although there are less states, their contribution at T ∼ 0.418 keV
is higher than to the 34gCl(p, γ)35Ar reaction, showing that the resonances in this region
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Figure 6.19: Calculated high rate contributions to the 34mCl(p, γ)35Ar reaction rates for
the highest possible contribution of the states observed. The resonance energies of these
states is marked on the right. Contributions in blue and red mark 7/2+ and 11/2− states,
respectively.
can have a significant effect to the total rate of the two reactions and thus affecting the
production of 34S. Similarly as for the 34gCl(p, γ)35Ar reaction, a comparison between the
statistical model calculations that are currently available [47] and the contribution of the
states observed in this work is presented in Fig. 6.20. The red line represents the maximum
possible rate, assuming all the states observed would have spins and parities that would
give the biggest possible contribution to the reaction rate, divided by the rate given by the
statistical model. The green line shows the minimum possible contribution these states
would have versus the statistical model rate. The blue line presents a the same ratio but for
a recommended rate, meaning that the spins and parities of the states contributed are cho-
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Figure 6.20: Comparison of calculated isomer capture rate to statistical model
predictions. Red, blue and green indicate the maximum, recommended and minimum
calculated rate, respectively, vs. the statistical model predictions [47]
sen so that there is a variation in the possible values as it is not likely that all of these states
have Jpi = 7/2+. The most noticeable difference with the comparison for the ground-state
capture, shown in Fig. 6.18, is that for the proton capture on the isomer, the difference
between the maximum and minimum rate is not so striking. Therefore, the possible varia-
tion in the rate depending on the properties of the resonant states would be smaller to that
for the 34gCl(p, γ)35Ar reaction. Additionally, at the temperature of astrophysical interest,
the maximum rate is 20% greater than the statistical model rate calculated in Ref. [47].
At T ∼ 0.418 GK, however, the recommended rate is still lower than the statistical model
rate but it is significantly higher than the recommended rate for the ground-state capture
reaction.
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Although further information is required to reduce the uncertainties in the rates of these
two reactions, it is necessary to consider what impact resonant states and their properties
would have on the overall reaction rate and the isotopic abundances related to it. These
results provide an important comparison between the rates of the two reactions and outlines
the different effect that the same resonances would have on the reaction rates. To calculate
a rate that would include both of the reactions would be a complex task requiring further
information on the creation of 34Cl and the density of protons in the ONe nova environment
that could quantify the interplay between the two reactions.
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Conclusion
Resonant states in 26Mg above the α-emission threshold have been populated using
fusion-evaporation reactions at Argonne National Laboratory, and subsequent γ-ray emis-
sions were detected with the GAMMASPHERE spectrometer. This study provides in-
formation on the properties of these states that are required to accurately calculate the
reaction rate of 22Ne(α, γ)26Mg, which is vital for predicting the neutron density in mas-
sive star environments predicted to be the site of the weak s-process. Transitions observed
from known states lying below the α-emission threshold are in excellent agreement with
previous studies of the 26Mg nucleus [41]. Additionally, a number of states in the region of
astrophysical importance that were not previously used in the reaction rate evaluation have
been observed and their nuclear properties have been studied. The spins and parities of all
of these states have been constrained through their decay pattern. For 5 states in the region
of astrophysical significance the spin and parity have been assigned, identifying 4 of these
as natural parity states that contribute to the 22Ne(α, γ)26Mg reaction rate. In particular, the
state at 11081.1(40) keV has been assigned Jpi = 2+ and it has been identified as having a
significant contribution to the reaction rate. The implications of resonant states detected in
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this experiment have been investigated and compared to the recent evaluation by Longland
et al. [39]. However, precise measurements of the resonance strengths in the energy region
of interest are required. A transfer reaction measurement has been performed in order to
populate the 11081.1(40) keV state and analysis is ongoing. Such a measurement would
be vital to constrain the remaining uncertainties in the 22Ne(α, γ)26Mg reaction rate and
predict its influence on neutron production for the s-process.
An additional experiment was performed at Argonne National Laboratory to study
proton-unbound states in 35Ar that would contribute to the 34Cl(p, γ)35Ar reaction rate
that affects the production of 34S, which is a key identifier for the nova origin of presolar
grains. The level structure of 35Ar has only been established in one previous study and
significant differences are observed with the structure of its mirror companion, 35Cl. The
present experiment presents a complimentary study to the previous fusion-evaporation
measurement performed by Della Vedova et al. [88], confirming all their assignments
with the exception of a Jpi = 11/2− state at 5614 keV, the existence for which no evidence
was found in this work. An alternative state has been proposed as the mirror of the 5927
keV state in 35Cl, which is in better agreement with mirror symmetry for the pair, and
two previously unobserved decays from it agree with the decay pattern of 35Cl. Fry et
al [51] reported 21 resonant states above the proton-emission threshold that could play a
vital role in the 34Cl(p, γ)35Ar reaction rate. In this experiment, 11 of these states and their
decay patterns have been observed, constraining their spins and parities and providing
spectroscopic information for future studies. Their contribution to the reaction rate has
been estimated to predict the extent to which experimental data agrees with the statistical
model calculation of the rate [47]. Additionally, the reaction can occur as a capture on
either the ground state or isomeric state in 34Cl, implying that the observed resonances
could have different implications to the overall rate. Calculations using the present data
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suggest that lack of information on the properties of resonances introduce a significant
uncertainty to the reaction on the ground state of 34Cl, while the 34mCl(p, γ)35Ar could
play a comparable role to this rate, with a lower associated uncertainty. The potential
contributions of these two reactions warrant further study to progress our understanding
of nova nucleosynthesis, and thus elemental abundances we observe today.
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